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The construction industry plays an important key role in soci-
oeconomic development. Building materials, which account
for 50%–80% of the total value of construction, form a key
factor in the construction sector’s response to the needs of
human settlement. On the other hand, the appropriateness
of building materials and alternative technologies is a crucial
factor in the context of exploring the problems of building
materials industry in regard to the provision of housing.

Following the great progress made in civil engineering
and building materials this special issue aimed at providing
a compilation of the state-of-the-art development in building
technology and construction building materials. Emphasis
was given to basic methodologies, scientific development,
and engineering applications.

New advancedmaterials offer opportunities to change the
way in which we construct and retrofit buildings. They give
added value in terms of increased performance and func-
tionality. The reduction of carbon footprint for construction
materials can start at the production phase, where energy effi-
cient processes can be developed and waste or recycled mate-
rials can be employed. New materials can also help address
the new challenges of durability in a changing climate.

This special issue is the result of the huge success pre-
sented by the previous special issue [1], as the previous special
issue had a great acceptation by the scientific communitywith
85 papers submitted and 33 papers accepted for publication.

A considerable number of experimental and numerical
papers address new research advances and applications in

concretematerial. J. Y.Oh et al. study experimentally the rein-
forced concrete column encased in prefabricated permanent
thin-walled steel form; J. W. Park et al. investigate the funda-
mental properties of magnesium phosphate cement mortar
for rapid repair of concrete; N. Ferhoune et al. present the
axial bearing capacity of thin welded rectangular steel stubs
filled with concrete sand; M. S. Kim and Y. H. Lee discuss
the experimental results on the flexural behaviour and deflec-
tions of posttensioned concrete flat plates depending on ten-
don layout;M. Zhou et al. study the influence of fines content,
methylene blue value, and lithology of crushed sand on frost
durability, investigate the strength of concrete, and compare
the frost durability and strength of crushed sand concrete
and river sand concrete; C. Hu et al. analyse the properties
of foamed concrete reinforced with small sized glazed hollow
beads; J. Mikolaj et al. present an optimization of life cycle
extension of asphalt concrete mixtures in regard to material
properties, structural design, and economic implications; J.
Wu et al. investigate numerically the elf-compacting concrete
by an enhanced Lagrangian particle method; Y. Peng et al.
present a new numerical concrete model, random convex
aggregate model, by using the base force element method on
potential energy principle, to simulate the experiment under
uniaxial compression for recycled aggregate concrete; and G.
Ma et al. present an experimental and numerical study of con-
ventional solid reinforced concrete beams that were modi-
fied to slotted beams for consideration as thermal insulation
structural components.
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The chemical attack of concrete structures and other
building materials is analysed in detail by some authors. A. S.
Guimarães et al. study the effect of salt solutions and absorp-
tion cycles in the capillary and drying coefficient of red brick
samples with different joints; B. Shen et al. present a mechan-
ical performance and chloride diffusivity of cracked RC spec-
imens exposed to freeze-thaw cycles and intermittent immer-
sion in seawater; M. J. Kim et al. present a study that concerns
the influence of C3A in cement on chloride transport in rein-
forced concrete;M. Jinchuan et al. study the influence ofMgO
and hybrid fiber on the bonding strength between reactive
powder concrete and old concrete; and J. M. P. Q. Delgado et
al. present a critical review of salt damage in building mate-
rials with a technical application of rising damp treatment in
historical buildings.

Besides those, there are several interesting topics in the
issue of cement material. M. Rao et al. investigate cement-
based materials by comparing the strength and microstruc-
ture of pastes andmortar containing limestone powder or low
quality fly ash; K. S. Kannan et al. present an experimental
investigation on strength development of cement with ceno-
sphere and silica fume as pozzolanic replacement; I. Iskhakov
and Y. Ribakov analyse the structural phenomenon of cem-
ent-based composite elements in ultimate limit state; and
H. Choi and B. Cho present a new composite model that is
appropriate for particle conditions by considering the balance
of the hydration products of cement and expansive additive
and the stress redistribution phenomenon of hydration prod-
ucts newly generated by the progress of hydration.

Another important issue is the ecology of building mate-
rials. J. Estévez-Cimadevila et al. analyse the performance of
wooden structural floors equipped with the self-tensioning
systempatented by the authors, consisting of a forcemultiply-
ing mechanism connected to a self-tensioning tendon, which
is activated automatically when the load is applied to the
structural element; F.Guo et al. present an experimental novel
magnetorheological material defined as magnetorheological
Silly Putty prepared by dispersing softmagnetic particles into
Silly Putty matrix with shear stiffening property; H. Danso
investigates the influence of compacting rates on the proper-
ties of compressed earth blocks; andD. Kim et al. present rea-
sonable ways of improving the dredged soils in the Saeman-
geum area so that they can be used for vegetation of land
plants.

Studies with asphalt are presented by A. Vaitkus et al.
who analyse the performance of soft asphalt and double Otta
seal within first three years; Y. Yang and Y. Cheng study the
influence of different doses on the performance of modi-
fied asphalt, including softening point, penetration, ductility
(5∘C), and viscosity at 135∘C and 165∘C. Moreover, the
authors also discuss themodificationmechanism ofmodified
asphalt through the fluorescence microscope; and W. Huang
et al. present an image-based micromechanical modelling
approach to predict viscoelastic behaviour of asphaltmixture.

Another considerable number of papers address new
numerical research in advanced building materials. Y. Xu
et al. analyse experimentally and numerically the fretting
fatigue behaviour for steel Q235 single-lap bolted joints;
M. Vild and M. Bajer present experimental and numerical

research into the strengthening of steel columns under load
using welded plates; H. Lin et al. present a control parametric
analysis on improving park restoring forcemodel anddamage
evaluation of high-strength structure and M. R. Kaloop and
J.W. Hu investigate numerically a novelty wavelet application
for damage detection of regular and irregular building struc-
tures under seismic load effects.

Finally, B. Kromoser and P. Huber describe different
pneumatic formwork systems invented in the past 100 years
and present the latest developments in this area. The many
types of possible applications are divided into three categories
in order to obtain a clearer overview. Z. Luo et al. present
the two mainstream directions in the real estate industry for
the green building and housing industrialization. C. Peng and
J. Yang study the structure, mechanism, and application of
vacuum insulation panels in Chinese buildings.

We hope that readers of this special issue will find not
only accurate data and updated reviews on the building
technologies and construction materials field area, but also
important questions to be resolved.This special issue includes
both theoretical and experimental developments, providing a
self-contained major reference that is appealing to both the
scientists and the engineers. At the same time, these topics
meet a variety of scientific and engineering disciplines, such
as chemical, civil, agricultural, and mechanical engineering.

J. M. P. Q. Delgado
Robert Černý

A. G. Barbosa de Lima
A. S. Guimarães
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Cement-based composite materials have minimum of two components, one of which has higher strength compared to the other.
Such materials include concrete, reinforced concrete (RC), and ferrocement, applied in single- or two-layer RC elements. This
paper discusses experimental and theoretical results, obtained by the authors in the recent three decades. The authors have payed
attention to a structural phenomenon that many design features (parameters, properties, etc.) at ultimate limit state (ULS) of a
structure are twice higher (or lower) than at initial loading state. This phenomenon is evident at material properties, structures
(or their elements), and static and/or dynamic structural response. The phenomenon is based on two ideas that were developed
by first author: quasi-isotropic state of a structure at ULS and minimax principle. This phenomenon is supported by experimental
and theoretical results, obtained for various structures, like beams, frames, spatial structures, and structural joints under static
or/and dynamic loadings. This study provides valuable indicators for experiments’ planning and estimation of structural state. The
phenomenon provides additional equation(s) for calculating parameters that are usually obtained experimentally and can lead to
developing design concepts and RC theory, in which the number of empirical design coefficients will be minimal.

1. Introduction

Behavior of structures in certain cases is similar to basic
principles in human society. One of the main principles in
human society is that all people are equal to each other. In
other words, if, for example, there are two persons, 𝑁1 and𝑁2, then each of them is equal to the other and therefore 𝑁1
is not greater and not less than 𝑁2, or

𝑁1 = 𝑁2 = 𝑁
or 𝑁1 + 𝑁2 = 2𝑁. (1)

Let us assume that two persons,𝑁1 and𝑁2, should carry𝑊 =50 kg. Then following (1), each of these persons takes 25 kg:
that is,

𝑊2 = 𝑊1 = 25 kg,
𝑊1 + 𝑊2 = 𝑊 = 50 kg. (2)

In other words,
𝑊 = 2𝑊1 = 2𝑊2. (3)

It will be demonstrated in this paper that a similar princi-
ple is an objective property of a structure, made of elastic-
plastic or ideally elastic-plastic material in ultimate limit
state (ULS), from the load bearing capacity viewpoint. This
property is further called a “structural phenomenon.” The
essence of this phenomenon is that values of some parameters
of the structure that aremeasured experimentally under static
or/and dynamic loadings increase or decrease by about a fac-
tor of two.Therefore, an alternative nameof this phenomenon
is doubling of structural design parameter at ULS.

A scheme of the principle for a general case is presented
in Figure 1. For example, the figure presents dependence of
dominant vibrationmode frequency of a 1 : 10 scaledmodel of
a 24 × 24m reinforced concrete (RC) shell versus load ratio,𝑞/𝑞ul. Here 𝑞 is the live load (the value of 𝑞 is varied from
0 to 𝑞ul) and 𝑞ul is its ultimate value. As it follows from the
figure, at the ULS (𝑞 = 𝑞ul) the above-mentioned parameter
decreases twice, relative to its initial value.

Another example that demonstrates increase in structural
parameter is shown in Figure 2. A problem of increasing
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Figure 1: Dominant technical frequency,𝑓𝐼, versus load ratio, 𝑞/𝑞ul.
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Figure 2: 24 × 24m shell deflection versus damping ratio for
various ground motions: 1: high-frequency earthquake, 2: medium-
frequency earthquake, and 3: low-frequency earthquake.

residual deflections in a 24 × 24m RC shell under static
load and additional vertical seismic excitation is considered.
The following earthquakes were selected: Gazly (Uzbekistan),
1976; San Fernando (USA), 1971; and Bucharest (Romania),
1977. These earthquake records represent high-, medium-,
and low-frequency groundmotions, respectively.The depen-
dence of residual deflections on damping ratio was studied
(Table 1). The damping ratio, 𝜉, varied from 0 to 12%. The
static displacement value (hidden line in Figure 2) was
2.2 cm. For a high-frequency Gazly earthquake (curve 1
in Figure 2) the residual deflections are accumulated very
intensively and for 𝜉 = 0 reached 4.4 cm, which is two times
higher, compared to the static value. A similar result was
obtained for a medium frequency earthquake (see Table 1
and the corresponding curve 2 in the Figure), for which
the residual deflection equals 3.6 cm. However, for a low-
frequency earthquake (curve 3 in the Figure) the increase
in residual deflections is lower. It is because the dominant

Table 1: Deflections in a fill scale RC shell versus damping ratios.

Earthquake type
Damping ratio, %

0 2 4 6 8 10 12
Deflection, cm

Low frequency 2.50 2.25 2.21 2.15 2.09 2.05 2.00
Medium frequency 3.63 2.38 2.23 2.17 2.10 2.06 2.00
High frequency 4.40 3.32 2.81 2.63 2.41 2.30 2.19

n

0

0.5

1.0

1.0

1.0

2.0
mk

mmax

nk

m

q/qul

nmin

f(m, n) = 0

Figure 3: Relation between structural phenomenon and minimax
principle: 𝑚: generalized “increasing” parameter, 𝑛: generalized
“decreasing” parameter, 𝑓(𝑚, 𝑛): function, relating the parameters
(conditionally shown by a straight line), and𝑚𝑘, 𝑛𝑘: arbitrary values
of the parameters.

frequency of the shell is high and comparable with that of a
high-frequency earthquake.

Comparing Figures 1 and 2 leads to conclusion that
decreasing twice (Figure 1) and doubling (Figure 2) in
structural parameters correspond to the ULS of the structure.
These limit values for the same structure can be interrelated
by the minimax principle [1]. Graphical interpretation of this
relation is shown in Figure 3. The curve in plane 𝑛-𝑜-𝑞/𝑞ul
corresponds to the dependence fromFigure 1 and the curve in
plane𝑚-𝑜-𝑞/𝑞ul to Figure 2.Theminimax principle combines
those curves and presents their structural interrelation, as
shown in the 𝑛-𝑜-𝑚 plane (it is assumed that this relation is
linear). Thus, if according to experimental data some factor
is doubled it is logical to expect that another structural
parameter correspondingly decreases twice.

Figure 4 shows the structural phenomenon evidence for
a fixed concrete beam. In elastic stage,

𝑀−el = 𝑞el𝐿212 = 2𝑀+el, (4)

where 𝑞el is a uniformly distributed load in elastic stage (𝑞el ≤𝑞el ul) and 𝑞el ul is the ultimate value of this load; 𝑀−el and𝑀+el are themaximumvalues of negative and positive bending
moments, respectively, in beam elastic stage.
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Figure 4: Structural phenomenon evidence for a fixed concrete beam: (a) static scheme, (b) bending moments diagram in elastic stage, and
(c) bending moments diagram in ultimate limit state.

In the ULS after the moments’ redistribution,

𝑀−pl = 𝑞ul𝐿216 = 𝑀+pl, (5)

where 𝑞ul is a uniformly distributed load in ULS and𝑀−pl and𝑀+pl are themaximumvalues of negative and positive bending
moments, respectively.

In both cases,
𝑀− + 𝑀+ = 𝑞𝐿2

8 . (6)

Thus,

2 ≥ 𝑀−𝑀+ ≥ 1. (7)

The examples that were presented in this chapter are not
the only ones. Other relevant cases will be discussed below. It
should bementioned that, as the structural phenomenon was
not investigated previously, there is a very limited number
of publications, in which relevant experimental data were
obtained, but not analyzed. For example, experimental results
[2] show that using steel fibers in concrete increases trans-
verse deformations about two times (from (0.16, . . . , 0.20) 𝜀𝑐
to 0.40 𝜀𝑐, where 𝜀𝑐 is the longitudinal deformation of the
structure), but it is not emphasized by the researchers.

Four-point static tests in ultimate stages show that steel
fibers increase the deflections in the middle-span of a high
strength concrete bending element approximately twice [3]:
the deflections in beams made of concrete class C140 were
44 and 84mm without and with steel fibers, respectively.
For beams made of concrete class C200 adding steel fibers
has increased the deflections from 33 to 59mm. As in the
previous example, the fact of doubling the middle-span
deflections was not emphasized.

2. Minimax Principle in Ultimate Limit
State of Structures

2.1. Short Review of Ultimate Limit State and Minimax
Principle. The ultimate equilibrium method, proposed by

Gvozdev in 1938 [5], was a logical development of basic
experimental and theoretical investigations, carried out by
outstanding researchers as Galilei, Coulomb, Bach, Graf, and
others [6]. This method is still used for calculating structures
at ultimate limit state (load bearing capacity).

Followingmodern design codes, methods, based on plas-
tic analysis, are suitable for checking structures at ultimate
limit state [7].Themethod is constantly developed. For a spe-
cific structure there is an exact correspondence between the
external loads’ system and internal forces’ distribution. Just in
this case the structure may transform into a mechanism [8].

Later the ultimate equilibrium method was enlarged for
application in structures that aremade of concrete typemate-
rials with downloading branch in the stress-strain diagram
[9].

Following Gvozdev [5], there are three theorems of the
ultimate equilibrium method:

(i) static theorem, estimating the lower bound of the
ultimate loading capacity of the structure,

(ii) kinematic theorem, estimating the upper bound of
the ultimate loading capacity of the structure,

(iii) unity theorem that could directly obtain the ultimate
loading capacity but does not allow finding the
maximum static or minimum kinematic loads.

It should be mentioned that the required ductility of an RC
structure or its element should be sufficient for the suggested
failure mechanism.

Series of experiments were performed in the previous
century in order to overcome the problem of the unity
theorem and to find a more accurate value of the structural
load bearing capacity [10]. The experimental investigations
were focused on studying the structures made of physically
nonlinear materials (ferrocement and reinforced concrete).
The obtained experimental data allows calculation of the load
bearing capacity by static or kinematic theorems and realizes
the unity theorem.

Another possible way for exact estimation of RC struc-
tures’ load bearing capacity is simultaneous application of
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the static and kinematic methods at the ULS. However, this
way is not practical, because it is impossible to estimate the
convergence of results, obtained by these methods [1]. It is
suitable just for rather simple structural schemes (even for
continuous beams it is not always applicable). Additionally,
if condition (1) is not satisfied, the fields of internal plastic
forces, 𝐹, and possible displacements, 𝑤, should be changed,
but convergence of this process is still not proved.

Development of this idea yielded to minimax principle
formulation [1]. The essence of this principle is realization
of genuine bearing capacity of the structure (avoiding the
lower and/or upper bounds estimation). With this aim it is
proposed to use both extreme properties of the structures
failure load (static and kinematic) simultaneously in the
calculation process. In this case just one calculation (static
or kinematic) is carried out. Thus, the minimax principle
became indeed an apparatus for realization of the unity
theorem. This apparatus logically unifies the extreme (static
and kinematic) theorems of the ultimate limit equilibrium
method.

The authors have shown that the minimax term means
minimumofmaxima or the lowest board of upper bounds for
a two-variable function of the structural bearing capacity [1].
It should bementioned that at the same time themaximumor
the upper bound are found according to one of the variables
(e.g., kinematic parameter) for a fixed value of the second
variable (e.g., static parameter). After that the value of the
second parameter is changed and the above described process
is repeated.

2.2. Quasi-Isotropy as a Limit State of RC Element. Let us
consider a rectangular RC element section that contains
reinforcing 𝐴 𝑠 in tensile zone and 𝐴𝑠 in the compression
one. 𝐴 𝑠, 𝐴𝑠, and the concrete compressed zone height,𝑥, are unknown. Two static equilibrium equations are not
enough to determine the above specified unknowns. Hence,
an additional condition should be found.

A quasi-isotropic state requires minimal total reinforcing
of the section: that is, (𝐴 𝑠 +𝐴𝑠) → min. It can be shown that
in this case the relative section compression zone depth, 𝜔,
reaches its extremal value 0.5 (1 + 𝑑𝑠/𝑑), where 𝑑𝑠 and 𝑑 are
the protective concrete layer for 𝐴𝑠 and the section effective
depth, respectively. In a common case of a section with a
vertical symmetry axis 𝜔extr = 1 − 𝑆0/(𝑑𝐴0) + 𝑑𝑠/(2𝑑), where𝑆0 is the first moment of an effective section and 𝐴0 is the
effective section’s area.

Let us calculate, for example, an RC element with rect-
angular section of 𝑏 × ℎ = 250 × 500mm, 𝑑𝑠 = 𝑑𝑠 =40mm, steel design strength 𝑓sd = 350MPa, concrete design
strength 𝑓cd = 10MPa, and the external forces moment𝑀𝑑 = 250 kNm. For the reinforcement sections in the tensile
and compressed zones and the total reinforcement section as
a function of the compressed zone’s relative depth, 𝜔extr =0.5(1 + 𝑑𝑠/𝑑) = 0.5(1 + 40/460) = 0.543.

Graphical representation of the three above functions is
given in Figure 5, where 2𝑑𝑠/𝑑 ≤ 𝜔 ≤ 𝜔extr. Increasing𝜔 yields increase of 𝐴 𝑠 and decrease of 𝐴𝑠. The total
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Figure 5:Minimization of total RC section reinforcement (𝐴 𝑠+𝐴𝑠).

reinforcement (𝐴 𝑠+𝐴𝑠) decreases until𝜔 reaches𝜔extr value,
and then it increases. In the same time, 𝜔 > 𝜔extr should
be avoided; otherwise, according to the concrete theory, the
section’s collapse will be brittle.When (𝐴 𝑠+𝐴𝑠) is minimum,
and 𝜔 = 𝜔extr, the section is quasi-isotropic. In other words, a
quasi-isotropic section stage yields optimal (minimum) total
reinforcement section.

3. Analysis of the Structural Phenomenon
Based on Original Experimental and
Theoretical Data

The present study is based on selected experimental and
theoretical data that were reported by many researchers in
the last three decades of the previous century and till today.
As known, very many researchers have investigated behavior
of structures under loads that increase from elastic state up
to its failure. In this case if a structure is symmetric and
the load is also symmetric, usually structural parameters in
elastic state increase or decrease twice at failure. Therefore,
we have presented and analyzed indeed those data.

It is logical to analyze the structural phenomenon from
the following three different groups of experiments:

(i) investigation of structural concrete at material level,
(ii) behavior of RC structures and elements under static

loads,
(iii) response of RC structures and elements to dynamic

loads.

3.1. Structural Concrete as Material. Using high strength
concrete in construction became very popular in recent
decades. At the same time, the following fact is evident: in
spite of the fact that concrete compressive strength increases
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with concrete class, the mean value of concrete tensile
deformations, 𝜀ctm, reaches its maximum for concrete class
C 70 and remains constant for higher concrete classes [7].
Moreover, the maximum value of 𝜀ctm is about 1.2 ⋅ 10−4, and
for the lowest structural concrete class it is about 0.6 ⋅ 10−4. It
is one of the structural phenomenon evidences, as

𝜀ctm max𝜀ctm min
= 2. (8)

As an extension of this idea, let us discuss the relation
between the displacements and Poisson deformations under
ultimate load and after unloading of two-layer beams consist-
ing of normal and fibered high strength concrete in tensile
and compression zones, respectively [11]. Following exper-
imental results for full-scale 3m beams, tested using four-
point loading, the mid span displacement under the ultimate
load was 35mm and the residual deflection was about 18mm.
The corresponding Poisson deformations were about 0.65 ⋅10−3 and 0.32 ⋅ 10−3. A similar behavior was observed for
horizontal shear deformations between the concrete layers.
The maximum deformations under the ultimate load were2.7 ⋅ 10−3, whereas the residual ones were about 1.25 ⋅ 10−3.

Following modern codes ([7, 12], etc.), the maximum
elastic deformations of normal strength concrete, 𝜀𝑐 el ul, are
about 1 ⋅ 10−3, which corresponds to the initial modulus
of elasticity for short term loading (without considering
durability aspects), 𝐸𝑐1 = tg 𝛼1 (slope of line 𝑜𝑎 in Figure 6).
The ultimate plastic deformation 𝜀𝑐 pl ul is 2 ⋅ 10−3. If concrete
would behave elastically up to 𝜀𝑐 pl ul (line 𝑜𝑏 in the figure), a
corresponding modulus of elasticity is 𝐸𝑐2 = tg 𝛼2. It is easy
to show that

𝐸𝑐1 = 2𝐸𝑐2. (9)

It demonstrates again the same phenomenon that, when
the concrete element reaches the ultimate deformation, its
stiffness characteristic decreases twice.

As it was shown experimentally, increasing the load,
acting on cylindrical concrete specimens with different steel
fibers contents (from 0 to 60 kg/m3), yields increase in
Poisson coefficient, ]. It was found that the optimal fiber
content is 30 kg/m3. Following the experimental data, in
specimens without fibers, ]min 0 = 0.11 and ] = 0.22. In
specimens with optimal fibers content, ]min 30 = 0.22 and
]max 30 = 0.44. The ratios

]min 30
]min 0

= ]max 30
]max 0

= 2,
]max 30
]min 30

= ]max 0
]min 0

= 2
(10)

demonstrate that, like in case of longitudinal deformations,
also for transverse ones the parameters are doubled.

Concrete creep increases with time and correspondingly
yields a decrease in the modulus of elasticity ([7, 12, 13], etc.).
For example, for normal strength concrete the initialmodulus
of elasticity decreases twice during a five-year period [7]:

𝐸𝑐 (𝑡 = 0)
𝐸𝑐 (𝑡 = 5 years) = 2. (11)
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Figure 6: Influence of concrete element deformations on its stiffness
parameter.

Additionally, concrete creep depends on the compres-
sion stress in service limit state, surrounding environment
humidity, composition and class of concrete, and so forth.
Considering the concrete class only, the concrete creep
depends on concrete creep coefficient𝛽𝑐𝑘 that decreases as the
concrete class increases. Let us compare the concrete creep
coefficients for the lowest and the highest structural concrete
classes, C 20 and C 90, respectively, according to the equation
available in Eurocode [7],

𝛽cm = 16.8
𝑓cm2 , (12)

where 𝑓cm is a mean compressive strength of concrete. In this
case, the ratio between those coefficients is

𝛽cm
C20

𝛽𝑐𝑘C90 = 3.360
1.697 = 1.98. (13)

In other words, the relation between the concrete creep
deformations for high strength concrete (HSC) and normal
strength concrete (NSC) is

𝜀crNSC ≈ 2𝜀crHSC. (14)

Thus, using HSC allows achieving significant decrease in
concrete creep deformations (up to two times).

3.2. Behavior of RC Structures and Elements under Static
Loads. In the previous section examples of structural phe-
nomenon for cement-based composite nonlinear material
was discussed (concrete was considered as a private case of
such material). The present section focused on behavior of
RC elements from the viewpoint of statics. A rectangular
RC bending element section with double reinforcement of𝐴 𝑠 and 𝐴𝑠 in tensile and compression zones, respectively,
is considered. If the element is in ULS, the reinforcement
sections are

𝐴𝑠 = [𝑀𝑑 − 𝑓cd𝑏𝑑2𝜔 (1 − 0.5𝜔)]
[𝑓sd (𝑑 − 𝑑𝑠)]

𝐴 𝑠 = 𝐴𝑠 + 𝑓cd𝑏𝑑𝜔𝑓sd ,
(15)
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where 𝑀𝑑 is the external forces moment; 𝑓cd and 𝑓sd
are strength of the reinforced and reinforcing materials,
respectively; 𝑏 and ℎ are the section dimensions; 𝑑𝑠 and 𝑑𝑠
are concrete covering in the tensile and compression zones,
respectively; 𝜔 = 𝑥/𝑑 is the relative compression zone depth;𝑥 is the compression zone depth and 𝑑 = ℎ−𝑑𝑠 is the effective
section height.

The reinforcement sections depend on 𝜔 that is a third
unknown in (15). To obtain 𝜔, the minimax principle was
proposed [1, 14]:

(𝐴 𝑠 + 𝐴𝑠) → min (16)

that corresponds to effective section reinforcement. Conse-
quently,

𝑑 (𝐴 𝑠 + 𝐴𝑠)
𝑑𝜔 = 0. (17)

Applying condition (17) to (15), the following extremumvalue
of 𝜔 was obtained:

𝜔extr = 0.5 (1 + 𝑑𝑠𝑑 ) . (18)

Taking into account that the order of 𝑑𝑠 is lower than that of𝑑, the second term in the brackets can be neglected and the
extremum value of the relative compression zone depth is

𝜔extr = 0.5;
ℎ = 2𝜔extr𝑑. (19)

It means that for optimal reinforcement of the considered
section the concrete compression zone depth should be equal
to half of the total section height. In this case, an anisotropic
RC section becomes a quasi-isotropic one [14]. In other
words, the structural phenomenon corresponds to optimal
design concept of cement-based composite bending ele-
ments. Similar results were obtained for eccentrically loaded
elements in compression and tensionwith large eccentricities.

A sum of the bending moment, taken by the compressed
reinforcement, Δ𝑀, and the maximal moment taken by the
tensile reinforcement,𝑀𝑠 max, is equal to the external bending
moment, 𝑀𝑑. In order to carry the maximum value of this
moment, 𝑀𝑑 max, the section of 𝐴𝑠 can be obtained from the
condition that the corresponding moment Δ𝑀max will not
exceed that taken by the compressed concrete zone, 𝑀𝑐 max.
In other words, the force in compressed reinforcement is

𝐴𝑠 max𝑓sd ≤ 𝑥max𝑏𝑓cd. (20)

In the ULS these forces are equal and therefore

Δ𝑀max = 𝑀𝑐 max;
Δ𝑀max + 𝑀𝑐 max = 2𝑀𝑐 max. (21)

Thus, the maximum value of the compressed reinforcement
section corresponds to the condition, when

𝑀𝑑 max = 2𝑀𝑐 max = 2𝑀𝑠 max. (22)

At the same time (19) is valid; that is, brittle section
failure is avoided. It can be concluded that an RC section
that behaves as quasi-isotropic one can be strengthened
by compression reinforcement up to achieving a double
maximum moment bearing capacity of a section with single
reinforcement.

The phenomenon, related to doubling of various struc-
tural parameters, is also evident in problems of section design
to shear forces [15]. It is known that ultimate shear resistance
is determined as

𝑉𝑅𝑑 max = 𝑉𝑅𝑑𝑐 + 𝑉𝑅𝑑𝑠, (23)

where 𝑉𝑅𝑑𝑐 is the concrete shear bearing capacity and 𝑉𝑅𝑑𝑠 is
shear resistance provided by shear reinforcement.

Following modern codes [7, 16],

𝑉𝑅𝑑𝑠 ≤ 𝑉𝑅𝑑𝑐;
max𝑉𝑅𝑑𝑠 = 𝑉𝑅𝑑𝑐. (24)

Therefore, the maximum section shear bearing capacity is

𝑉𝑅𝑑 max = 2𝑉𝑅𝑑𝑐. (25)

The main parameters, affecting the section shear bearing
capacity, are angles 𝛼 and 𝜃, defining, respectively, the links’
inclination and the main compression stresses in concrete [7,
15].Moreover, relation between these angles is also important.
The angle 𝛼 is arbitrary selected by designer, according
to constructive and technological requirements, whereas 𝜃
depends on 𝛼.

A theoretical value of 𝜃 can be obtained using minimax
principle [1], based on simultaneousminimization of ultimate
external loading and maximization of internal stresses. The
ultimate shear force is maximized in the following additional
equation:

𝑑𝑉𝑅𝑑 max𝑑𝜃 = 0. (26)

Thus, the extreme value of 𝜃 that maximizes the section
shear force is obtained as follows [1]:

𝜃extr = 0.5𝛼;
𝛼 = 2𝜃extr. (27)

Consequently, when the section reaches its ultimate shear
bearing capacity, the angle of links, 𝛼, selected at the design
stage, is equal to the doubled main compression forces angle,𝜃extr.
3.3. Response of RC Structures and Elements to Dynamic
Loads. Structural phenomenon is also evident in dynamic
behavior of buildings and proved by experimental data. For
example, based on experimental results, obtained for a full-
scale three-story beamless precast framed RC building part
[17], an unloaded frame had a dominant natural vibration
period 𝑇1 min = 0.6 s. The frame was subjected to impulse
load steps of 30, 70, and 110 kN. At the last step the frame
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behaved as a geometrically and physically nonlinear system
and the corresponding dominant vibration period 𝑇1 max =1.2 s. It follows that

𝑇1 max = 2𝑇1 min. (28)

Thus, doubling of the dominant vibration period indicates
that the structure reaches significant nonlinear deformations,
which characterizes the ultimate dynamic state of the struc-
ture.

The influence of gravitation stresses on RC section
energy dissipation under cyclic forces was examined [18].
As the structural response in this case is nonsymmetric,
the hysteretic loop area reduces, relative to the case without
considering the gravitation loading. It was assumed in [18]
that the maximum gravitation stress 𝜎𝑐𝑔 = 0.5𝑓𝑐𝑘: that is,
the concrete reached the maximum elastic stress. It was also
assumed that under cyclic loading the section reached the
plastic state. The dissipated energy in this case is significantly
lower than that obtained without considering the gravitation
loads:

𝑈tot ≈ 2𝑈𝑔 tot, (29)

where 𝑈tot and 𝑈𝑔 tot are the total section plastic energy
dissipation without and with gravitation loads, respectively.

As the section plastic energy dissipation decreases pro-
portionally to the gravitation stresses, the ductility factor
correspondingly decreases twice.

A six floor flat slab RC building with braced frame was
analyzed [4]. It was shown that disengagement of concrete
braces leads to a system with variable stiffness. Reduction of
modulus of elasticity leads to unilateral disengagement. Addi-
tionally, static loading countereffect appears due to dynamic
loading. These factors substantially reduce the seismic forces
(about twice), giving rise to a static scheme that represents the
structure’s most suitable response to a given earthquake.

Seven possible structural static schemes, running from
fully braced to unbraced, were analyzed (Figure 7) [4]. The
first and the last schemes are completely symmetric, but the
first is fully braced and the last is fully unbraced. The fourth
scheme represents a fully antisymmetric scheme. Following
the obtained results, the dominant natural vibration periods,
corresponding to those schemes, were 𝑇1 = 0.248 s, 𝑇4 =0.433 s, and 𝑇7 = 1.037 s. Thus,

𝑇4𝑇1 = 0.433
0.248 = 1.75;

𝑇7𝑇4 = 1.037
0.433 = 2.39.

(30)

It is evident that in this case also the average difference in the
natural vibration periods is 2.07.

Following the results, obtained in the same research [4],
the structural phenomenon is evident not just for dynamic
parameters, but also for peak base shear forces, which were
minimal for scheme 4 in Figure 7: 𝑉𝑑4 = 557.8 kN, whereas𝑉𝑑1 = 1002.0 kN. The ratio between these shear forces is 1.8,
which is about 2.

1 4 7

Figure 7: Changes in the basic frame scheme under growing
horizontal dynamic loading (following [4]).

Additionally, a self-variable stiffness RC frame adapts
its response to an earthquake by using the basic concrete
properties [4]. The frame selects a limit state with maximum
energy dissipation and the seismic forces effects decrease
about twice. The system has several seismic self-control
modes (in terms of material, structure, and loading), which
are applied for adapting the frame to the given earthquake.

As known, it is impossible to test real full-scale structures
in ULS. In most cases, structural response in limit elastic
state is tested. At the same time, it is very important to
know structural dynamic parameters close to the ULS.
For this reason, modern numerical techniques are applied.
Experimental results for the limit elastic state are effective
for verification of numerically obtained initial structural
parameters. The authors have shown that experimentally
obtained dominant vibration period for a full-scale 9-floor
RC building was 0.72 s and the corresponding base shear
force (BSF) was 3400 kN [19]. The investigated structure was
designed for an earthquake with peak ground acceleration
PGA = 0.15 g. Numerical analysis of the building subjected to
the same load, like in the experiments, showed that the BSF
was 3320 kN, which is very close to the value obtained based
on experimental data.

For adapting the building to a region with PGA = 0.3 g, a
base isolation system (BIS) was used. The BIS was designed
so that the BSF in the isolated building, subjected to an
earthquake with PGA = 0.3 g, would be close to those in
a fixed-base structure under an earthquake with PGA =
0.15 g [19]. Numerical results show that for the selected
real earthquakes the average BSF in the isolated building
is 3543 kN. The corresponding dominant natural vibration
period of the isolated structure was 1.4 s; that is, it is about
two times higher, relative to the fixed-base building in a
limit elastic state (0.72 s). It was concluded that increasing
the dominant natural vibration period of the building from
0.72 to 1.4 s (about twice) allows its adaptation to a zone with
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Figure 8: Structural dynamic response, 𝑅, versus dominant vibra-
tion period: 𝑇H, 𝑇M, and 𝑇L: dominant vibration periods for high,
medium, and low structural ductility, respectively.

higher seismicity (PGA = 0.3 g instead of 0.15 g) and keeps its
response in the same limits [19]:

𝑇1 0.3 g
𝑇1 0.15 g = 1.4 s

0.72 s ≈ 2 = 0.3 g
0.15 g . (31)

Analysis of structural ductility enables us to prove the
above-mentioned conclusion. As the input seismic energy
that affects the building is independent of structural dynamic
parameters, especially of ductility, hence according to Fig-
ure 8, the energy (the area of the graph 𝑅𝑖 versus 𝑇𝑖, where𝑖 = H, M, and L) should be constant:

𝐸𝑖 = ∫0.5𝑇𝑖
0

𝑅 (𝑇𝑖) 𝑑𝑇𝑖 = const; 𝑖 = H,M, L. (32)

Therefore, if 𝑇𝑖 increases, 𝑅(𝑇𝑖) decreases; that is, the force
that acts on the building during an earthquake becomes
lower.

4. Conclusions

The present study is focused on analysis and discussion
of available experimental and theoretical data from the
viewpoint of a structural phenomenon. It was shown that
the phenomenon is valid for various design parameters at
ultimate limit state (ULS) of a structure or its elements. It was
demonstrated that the phenomenon is evident for material
properties and structure (or its elements), as well as for
structural static and/or dynamic response.

The phenomenon is based on quasi-isotropic state of
a structure at ULS and minimax principle. It is supported
by many experimental and theoretical results, obtained for
different structures (beams, frames, spatial structures, and
structural joints) under static or/and dynamic loadings.

The structural phenomenon enables us

(i) to predict the ULS of the building or appropriate
safety factor to this state,

(ii) to assess the limit changes of strength and deforma-
tion parameters in buildings before beginning their
real design,

(iii) to solve strengthening problems of a building,

(iv) to carry out certification of a building (durability
problem),

(v) to find the limit values of steel fibers, confining effect,
compressed reinforcement section in the element,
and so forth,

(vi) to find the seismic resistance of a structure, that is,
the level of structural load bearing capacity under a
strong earthquake,

(vii) to reveal the stage, when the structural static scheme
is changed.

The structural phenomenon, discussed and analyzed in
the frame of the present study, can be also applied for other
important issues in structural design. For example, one of
logical suggestions for selecting an upper limit for a number
of passive damping units in a structure is that maximum
reduction in dynamic response of a building with effective
supplemental passive devices is two times, compared to the
original one (without dampers).

Thus, the results of this study provide valuable indi-
cators for experiments planning, estimation of structural
state (elastic, elastic-plastic, plastic, or failure), evaluating
possibilities of retrofitting, and so forth. From the math-
ematical viewpoint, the phenomenon provides additional
equation(s) that enable us to calculate parameters, usually
obtained experimentally or using some empirical coefficients.
Therefore, using this phenomenon can lead to developing
proper design concepts and new RC theory, in which the
number of empirical design coefficients will be minimal.
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Received 16 May 2016; Revised 30 September 2016; Accepted 5 October 2016

Academic Editor: Wei Zhou

Copyright © 2016 J. M. P. Q. Delgado et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Salt damage can affect the service life of numerous building structures, both historical and contemporary, in a significant way.
In this review, various damage mechanisms to porous building materials induced by salt action are analyzed. The importance of
pretreatment investigations is discussed as well; in combination with the knowledge of salt and moisture transport mechanisms
they can give useful indications regarding treatment options. The methods of salt damage treatment are assessed then, including
both passive techniques based on environmental control, reduction of water transport, or conversion to less soluble salts and active
procedures resulting in the removal of salts from deterioration zones. It is concluded that cellulose can still be considered as the
favorite material presently used in desalination poultices but hydrophilic mineral wool can serve as its prospective alternative in
future applications. Another important cause of building pathologies is the rising damp and, in this phenomenon, it is particularly
severe considering the presence of salts in water.The treatment of rising damp in historic building walls is a very complex procedure
and at Laboratory of Building Physics (LFC-FEUP) a wall base hygroregulated ventilation system was developed and patented.

1. Introduction

Salt-induced damage represents a serious problem which
a significant number of buildings must face. Besides other
degradation mechanisms such as temperature changes,
mechanical erosive actions of wind and water, or water phase
changes, salt-induced damage may have both chemical and
physical nature [1] that increases the effect of damage. It
is very difficult to quantify its impacts because of lack of
precise data. However, it is estimated that only the Amer-
ican and British transportation structures such as roads or
bridges require approximately $450 billion and m616.5 billion,
respectively, to repair the damage caused by salts [2]. The
situation in the building sector would probably be correlated,
requiring hundreds of billions of dollars a year as the repair
and maintenance costs.

Soluble salts can penetrate into buildings easily with
moisture which can further transport them. Therefore,

understanding of moisture transport processes in porous
building materials is essential to prevent salt-induced dam-
age. The effect of salts in the deterioration of historical
buildings, which usually do not have horizontal waterproof-
ing, has long been known and it is recognized worldwide,
although it is not well understood, even when many distinct
disciplines deal with the weathering caused by salts [3]. On
the other hand, not only historical buildings but also modern
constructions suffer from the attack of salt solutions. It has
been found that different contaminants behave differently
on bricks, stones, mortars, and also wood, which seems to
react differently to the damaging action of salts and pollutants
[4]. Therefore, it is important to understand the problem
thoroughly regarding all the porous building materials and
salt contaminants.

This review deals with the causes and mechanisms of
salt-induced deterioration of buildings and describes and
compares the desalination methods. The main objective of
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the review is to bring up the answers, partially or totally, to
the most relevant questions formulated by Doehne [3]:

(i) Why are certain types of stone muchmore vulnerable
than other types to salt damage?

(ii) Why are certain salts much more damaging than
other salts?

(iii) Is damage caused mostly by relatively rare environ-
mental events (rapid cooling) or cumulative everyday
stresses (humidity cycling)?

(iv) What are the long-term effects of various conserva-
tion treatments, such as desalination or consolidation,
on salt damage?

(v) How can desalination and preventive conservation
efforts be enhanced?

Another important contribute of this review is to present
a rising damp treatment technique, the HUMIVENT device
[5–8], developed in the first years of this century by the
Laboratory of Building Physics, Porto, Portugal, to treat and
guarantee a good hygrothermal behaviour, of historical walls
in contact with water and salts.

In this paper it is also intended to present a simplified
methodology of sizing the wall base ventilation system for the
treatment of rising damp.

2. Moisture in Building Constructions

2.1. Phases and Sources of Water. Salts can enter and move
through porous bodies only when they are dissolved in water.
It is therefore important to understand in detail the transfer
of moisture in porous bodies. Water can enter a porous
material in the liquid form and as a vapour and there are
several mechanisms how this can happen: capillarity and
infiltration in case of liquid water and condensation and
absorption/adsorption in case of water vapour [9]. According
to Straube [10], moisture in porous materials comes from
several sources: it can come from the atmosphere (precipi-
tation, condensed water, and adsorbed water vapour), it can
come from activities and processes within the building, or
it can be incorporated into the building materials from the
ground and supply water (see Figure 1). Water can condense
over the material surface but also inside the material pores.
It is a complex process depending on the chemical-physical
characteristics of both the atmosphere and the building
material. Condensed water can be found in micropores at
higher temperatures than theoretical dew point, even in
relatively dry environments. The complete thermodynamic
explanation was introduced by Camuffo [11] who described
it as a reversible process for open pores and irreversible for
internal pores. The necks connecting internal pores are filled
with water at first, as they are the smallest pores. That means
the process is blocked until the temperature changes.

There are four basic phases of water in porous building
materials [12]: chemically bonded water, physically bonded
water, capillary water, and nominally free water. Capillary
action from rain or the ground is more effective than
condensation. Penetration of rainwater into capillaries and

Figure 1: Moisture transport through masonry.

larger pores is possible only when the whole surface of the
porousmaterial is covered by a single or double layer of water
molecules; otherwise water cannot penetrate when the sur-
face is completely dry. Wind may also help this process [11].
Chemisorption, the chemical reaction with the pore surfaces,
contributes to adsorption, as well as physical adsorption.
Effects on adsorption of the external environment (relative
humidity, air velocity, and temperature) are predominant
over support type, salt solution properties, and the manner
in which they interact. For desorption, the most significant
factor is the material type (e.g., limestone, sandstone, or lime
plaster).

Salts inside building materials also can absorb mois-
ture. They can even become liquid (deliquescence), that is,
absorb so much water vapour that they form a saturated
solution. This process depends on the relative humidity.
Regarding condensation in contact with a salt solution, it is
a case of classical osmosis: water vapour in air condenses
at lower vapour pressures as humid air near a salt solution
reaches saturation earlier than in contact with pure water
[9].

2.2. Moisture Transport. There are two moisture transport
modes that occur in building materials: diffusion which
is employed in case of water vapour and convection that
takes place in case of liquid water. The driving force of
water vapour is represented by the gradient of pressure [13].
Other driving forces may be present as well, that is, thermal
or Knudsen diffusion. While thermal diffusion is usually
neglected in civil engineering, Knudsen diffusion takes place
in very narrow capillaries in which the mean free path of
water molecules is larger than the pore dimensions. The
driving forces for liquidwater transport can be represented by
capillary suction, surface diffusion [14], or thermodiffusion
which is also known as the Soret effect. The capillary suction
is usually the most important.

Size and shape of pores play significant role from the
point of view of moisture transport. The ultracapillary pores,
having the radius up to 10−9m, practically do not allow water
movement as they have comparable dimensions to molecules
of water. In the capillary pores, whose radius lies in the range
10−9–10−3m, water and water vapour behave as in a system of
capillary tubes and the movement is induced by the surface
tension. Finally, the macropores and aerial pores larger than
10−3m neglect the effect of capillary forces. In this case, the
effect of gravity is dominant.
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2.3. Negative Effects of Moisture in Building Constructions.
It is generally known that increased moisture of building
materials is not desirable for several reasons. By absorbing
moisture in form of water vapour or liquid water, building
materials may increase their volume, more or less [9]. That
may cause serious problems, typically, for materials contain-
ing swelling clays that can generate damaging stresses during
wetting and drying [15, 16]. Increased moisture content
significantly contributes to decrease of mechanical properties
of building materials [17], and it also affects the energy
transport by changing the thermal conductivity and heat
capacity of theirs [18, 19].

Furthermore, water can deteriorate building materials
through solubilization, acting as a solvent for one or more
components that can be washed out. However, wash-out and
dissolution may only occur where great amount of water is
collected, typically under windows [11].

Increased moisture content brings complications also
in combination with temperature. When exposed to low
temperatures, fully saturated materials may be vulnerable
to freeze/thaw cycles [20]. However, presence of salts sig-
nificantly decreases the liquid moisture freezing point and
also the small pores may contribute to such a decrease [3].
On the other hand, combination of increased moisture and
high temperature may be convenient for the development of
biological degradation of building materials [20].

3. Salts in Building Constructions

3.1. Salt Sources. There are several possibilities how salts can
be brought into constructions: from air pollution, sea spray
[9], chemical reactions and decompositions [21], reconstruc-
tions and renovations [22], deicing agents, or rising damp
[23].

Each salt has specific origin. Sulfates, sulfites, nitrates, and
nitrites typically come from urban atmospheric deposition
[24] but also from cement repairs [21]. Additionally, nitrates
can be often found in agriculture buildings [25], they are also
contained in bird excrements which can pollute the urban
buildings. Chlorides represent a typical sea-site tracer [24]
which can penetrate into buildings due to rising damp, salt
spray, or flooding. Another reason can be found in utilization
of seawater duringmortars preparation [26] or by application
of deicing salts for roads maintenance [21].

3.2. Physical and Chemical Effects of Salts. Deposited over the
surface of the pores, salts can effectively decrease the pore
sizes and therefore enhance suction [27]. They also affect the
hygroscopic properties of materials, making them absorbing
more moisture at the same external conditions [18]. Both of
these phenomena lead to increase of the moisture content in
building materials.

Salts are able to change the drying behaviour of building
materials. It has been found that at low relative humidity the
drying rate of a brick saturated with a salt solution is much
lower than the drying rate of a brick saturated with water
[28, 29]. Also, a few paradoxes related to evaporation rates
at different relative humidity were identified and explained
[28, 30].

Several salts in building materials can be formed as a
result of chemical actions of acids. For instance, carbon
dioxide, a major source of acidity in natural waters, is the
most responsible for rock weathering [31]. Another typical
example is sulfur dioxide. Dissolved in water, it partly forms
sulfurous acid and sulfur trioxide that forms acid aswell. Both
acids decompose lime and lime-mixed binders in coatings,
resulting in the formation of gypsum [32]. In addition, nitric
acid, originated from the oxidation of NO𝑥 from combustion
processes or NH3 contained in atmosphere, contributes to
the decomposition of calcium carbonate and forms calcium
nitrate on walls [25].

The hydrated calcium silicates and aluminates formed
by the hydration of hydraulic binders can react with water
and gypsum or sulfate salts and produce thaumasite and
ettringite. Masonries might suffer another type of chemical
degradation—alkali-amorphous silica reactions. It occurs
between cement alkalis and aggregates containing reactive
forms of mostly amorphous silica [33].

3.3. Salt Crystallization. Salt damage, in literature also known
as salt attack, salt crystallization, or salt decay [3], can exhibit
itself by efflorescence, contour scaling (flaking), granular
disintegration (powdering or sanding), or alveolarization
(honeycomb weathering). This damage is caused by salt
phase transitions as a result of moisture transfer. Dissolved
salt transported in water is deposited when the liquid is
supersaturated which may easily happen in materials with
high internal surface area [34]. This often happens when the
moisture transport mechanism turns from liquid capillary
transport to water vapour transport, because the salts cannot
be transported in a gas phase [33]. During salt crystal
growth, high stresses can arise even in large pores [35]. The
crystallization pressure is higher inmaterials with small pores
[36] as they can better maintain the supersaturation [37].
Other damage mechanisms may be employed as well, such as
hydration pressure, different thermal expansion, or osmotic
pressure but the crystallization pressure is themost important
anyway [38]. It is affected by the characteristics of building
material (pore structure), solution (viscosity, surface tension,
vapour pressure), salt type, and environment (temperature,
relative humidity). A more complete list of such factors was
described by Doehne [3].

The damage caused byNaCl and other salts has a different
mechanism: the salts produce an irreversible dilation during
drying of the specimen and crystallization of the salt as a layer
on the pore walls. No supersaturation appears to be reached
by NaCl when crystallization occurs [39], among other
things, due to solubility slightly dependent on temperature
changes [40].

3.4. Salt Damage Treatments. Basically, there are two main
principles of desalination of building constructions [30]. The
first principle called passive techniques covers an environ-
mental control, a reduction of transported moisture into a
construction, or a conversion of contained salts to less soluble
ones and hence less damaging. The second principle actively
reduces the amount of contained salts by their transportation
away from the zone of deterioration or preferably completely



4 Advances in Materials Science and Engineering

from the whole construction. However, before application
of any salt damage treatment, the pretreatment investigation
should be carried out thoroughly, revealing the nature of the
salt damage.

3.4.1. Pretreatment Investigations. Before themain treatment,
an evaluation of the salt damage is recommended, following
these points of view.

(i) Evaluation of Salt Deterioration Problems. Presumably,
none of the currentmodels formodelling of salt andmoisture
transport processes in porous media is fully applicable to
the heterogeneous aged materials found in both historical
and contemporary buildings. Simulations cannot substitute
rigorous site-based observations and study [30].

(ii) Evaluation of the Historical and Cultural Value. Infor-
mation about the original aspect, the significance (i.e., as
evidence of a certain style, taste, or building method),
the aesthetic/historic/cultural role of the object within its
context (e.g., urban), all original construction and restoration
(substitution of materials, addition of parts) phases and their
historical and technical relevance, and/or the function(s)/use
should be described.

(iii) Additional Investigations. These include a survey of the
liquid moisture sources, the environmental conditions, and
sampling for analysis [41].

If the salt penetration is found, based on above described
evaluation, and desalination treatments must be applied
once or repeatedly, the additional information should be
gathered based on the in situ sampling. Their evaluation
should primarily give the information about the composition
of building materials and their pore structure characteristics,
moisture quantity and distribution, and salts type, quantity,
and distribution [41].

3.4.2. Passive Techniques. The essence of passive techniques
is based on prevention of the causes of salt damage, increased
moisture in particular.

Condensed water inside the walls is one of the sources of
damp. Back in the 70s of the last century, the initial efforts to
energy savings led to implementation of thermal insulations
that were waterproofed mostly. The addition of thermally
insulation layer to the interior side of an uninsulated wall
decreases the temperature of the masonry during the heat-
ing season in cold climates. This can increase the risk of
condensation inside the wall [42], mainly affecting outside
corners, windows, slatted roller blind housings, ceilings, and
the masonry wall base on unheated cellars. Even if these
weak points can be easily eliminated using constructional
measures, increased heating together with ventilation was
recommended instead. Thus, the final energy consumption
decreased only slightly despite the application of thermal
insulation and water vapour evaporation remained hindered.
Nowadays, vapour retarders have been devised to control
moisture flow by vapour diffusion into the wall structure
[43].

The second source of moisture is represented by ris-
ing damp that building materials absorb from the ground
together with ions. Due to capillary rise and evaporation, less
soluble saltswill therefore reach saturation earlier, resulting in
a fractionation of the crystals. However, it is very difficult to
predict the precipitation sequence [31]. Due to this fraction-
ation following zones can be distinguished in the masonry
absorbing ground moisture, although it is not possible to
allocate the specific zone for each of the salt solutions in
advance. Less soluble salts precipitate in the lowest zone,
followed by the zone of the greatest damage. The upper zone
remains still wet because of rising damp instigated by the
most soluble and deliquescent salts. The highest zone in the
masonry is dry and unaffected by salts [9].

Franzoni [44] proposed several preventive or remedial
strategies against rising damp, grouped according to their
background principle:

(i) reduction of the water flux in ingress;
(ii) reduction of the overall sorptivity of the wall by

reducing the porosity of materials, by decreasing the
wettability of materials, or by reducing the wall cross-
section (wall cutting is also included);

(iii) enhancement of the water evaporation rate from the
masonry;

(iv) exploitation of electrokinetic effects.

The most effective method reducing the water flux is pre-
vention through the physical separation of buildingmaterials
from the groundmoisture and salts by the use of a traditional
damp-proof course. An impermeable barrier such as plastic,
glazed brick, or bitumen is typically used [45].However, using
such protection measures in historical masonry is mostly not
feasible.

The second strategy is based on assumption that reducing
of water transport in a porous media implies that the salt
transport will be reduced as well. In the past few decades, an
increased use of injection of chemical damp-proof courses
in masonry walls was detected due to high cost of several
other treatments, such as replacement of poulticing [46].
Among the most frequently used chemicals, liquid water
based silane/siloxane products were showed to spread homo-
geneously and reduce water uptake the most efficiently [47].

Within the frame of the third group of strategies, the
HUMIVENT technique has been proposed to reduce the level
of rising damp [48]. It consists of ventilating the base of
walls using a natural ventilation process or by installing a
hygroregulated mechanical ventilation system.

Electroosmotic method, belonging to the last group of
strategies, has been used formany years to reduce the amount
of moisture ascending in the building walls [49]. It has
been showed, however, that the efficiency of the method is
questionable as the ionic concentration must be low [50, 51].

Besides condensation and rising damp, also the atmo-
sphere is a significant source of moisture. Therefore, the type
of finish of the building envelope defines its ability to absorb
moisture [52], while its roughness provides a greater specific
surface to react with the environment [53].
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Also chemicals may present the appropriate strategy
to avoid intake of atmospheric moisture. The ammonium
oxalate treatment should be preferred to the polysiloxane
treatment in the presence of soluble salts, even after desalina-
tion procedures, which might not remove them completely.
In addition, the neoformed calcium oxalate seemed to effec-
tively protect the stone, improving its resistance against salt
crystallization without occluding the pores and limiting the
superficial erosion caused by atmospheric agents [54].Hybrid
coatings (i.e., polysiloxane plus Ti solutions) seem to bemore
effective in reducing salts formation with respect to the pure
resin. However, a cleaning pretreatment is mandatory before
the application of a new protective film [55]. Titania and silica
nanocomposite materials efficiently penetrate into the pores
of stones [56].

Paintings represent another option to protect the walls
against atmospheric moisture. However, they do not work
on salt-laden materials because paints tend to increase the
presence of moisture and salt deposition on or close to
the surface of walls. Additionally, the salt accumulation
behaviour and related features of different plasters/renders
may be differently affected by paint layers [57]. As a result,
paints used in a saline environment begin to deteriorate after
two years [58].

Also repair mortars can be used for waterproofing of
masonry [59] when they contain siloxane coating that repels
water and allows permeability of water vapour. In this
case, moisture does not accumulate in between the coating
and the substrate. On the other hand, severe damage can
occur if rendered zones are combined with uncovered ele-
ments on facades. Moisture and salt transport is then redi-
rected into these zones where evaporation is less hampered
[60].

3.4.3. Active Desalination Techniques. Active desalination
techniques can be very effective for salt damage reduction,
especially in cases where the damage is induced by cyclic
dissolution and crystallization of salts as a response to relative
humidity changes. Furthermore, no additional ingress of
liquid water should be involved. According to Young and
Ellsmore [61], early signs of breaking down of a well-made
and well-cured sacrificial mortars or renders may lead to the
decision to proceed to desalination treatments.

There are several desalination methods available. Some
of them are even at the experimental stage; therefore only
the most frequently used ones are included in the presented
review. These methods can be divided into the following
categories:

(i) dry-mechanical methods,
(ii) diffusive methods (baths),
(iii) methods based on diffusion and evaporation (poul-

tices),
(iv) convective methods (by hydrostatic pressure or suc-

tion),
(v) other methods (microwaves or biological denitrifica-

tion).

There are also some methods which can be classified as
outdated; therefore they should not be considered anymore.
Hard cement renders, damp-proof mortar additives, Knapen
tubes, or passive electroosmosis can be named as themethods
belonging to this group.

(1) Dry-MechanicalMethods.Theprinciple of dry-mechanical
methods consists in removal of salt efflorescence from the
surface usually by its brushing. Besides the primary removal
of salts from the masonry, it can secondarily affect the
thermodynamic behaviour of salts in relation to environ-
mental conditions. Cleaner wall surface will also increase
the evaporation rate [62] which may improve the drying
behaviour of the object [30].

(2) Diffusive Methods. Prolonged immersion and repeated
or intermittent washing are the most frequently mentioned
methods belonging to the diffusive category that is also
called bath methods. The principles of these methods are
very similar. At first, diffusion drives the extraction of salts,
following a linear dependence on time according to Fick’s
law. Then, controlled by other factors such as concentration
gradient, solubility, or dissolution kinetics, the process slows
downuntil the limiting value is reached.Moreover, the type of
salt and theway of its distribution in the sample can also affect
the whole extraction process. A repeated washing is usually
more efficient except for sulfate salts [63] and generally, the
diffusive methods are the most efficient when the salt-laden
objects can be submerged in distilled water.

The bath methods are not used so often.The condition of
the salt-laden objects to be submerged in distilled water is too
restrictive. Therefore, they are applicable only for relatively
small and movable objects that are not sensitive to water
[41].

(3) Electrokinetic Methods. Compared to diffusion methods,
salt transport and thus removal by electromigration become
dominant over diffusion even at minimum level of applied
voltage [63]. Electromigration then continues until very low
and harmless salt contents are reached [64], which is themain
principle of this method.

On the other hand, electrokinetic method may have
several disadvantages such as possible oxidation of ferrous
materials and electrodes, hydrolysis, and extreme pH values
[60].The last disadvantage was eliminated by Rörig-Dalgaard
[65], who introduced a special poultice that works as a buffer
component and is able to efficiently neutralize the acid from
electrolysis at the anode [65]. It is a cathode unit consisting of
a three-layered poultice which neutralizes the electrochemi-
cal induced hydroxide with a buffering agent. The process is
followed by precipitation of the buffering agent, citric acid,
to calcium citrate inside the cathode poultice ensuring stable
pH in the substrate. In addition, the precipitation of calcium
citrate within the cathode poultice prevents new ions to enter
the substrate during the desalination [66].

Based on previous observations [60], the electrokinetic
method seems to work ion-selectively. The best results have
been achieved related to alkaline and chloride ions while
the removal rate depends on the associated cation [46]. On
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the other hand, only the minor part of magnesium part
can be extracted. The removal rate of sulfates is also con-
siderably slower than chlorides or nitrates, which results in
gypsum precipitation inside the porous body of the materials
[66].

(4) Plasters. There are several types of plasters according to
their mechanisms of salt andmoisture transport [67], but not
all of them are suitable for desalination [68].

(i) Salt transporting systems allow the solution to
migrate through the plaster and crystallize on the
surface.

(ii) Salt accumulating systems are able to absorb the
salt solution from the underlying substrate and let it
crystallize (accumulate) within the mortar.

(iii) Salt blocking systems allow transport of water vapour
only, while the salt solution is blocked inside the
substrate.

(iv) Moisture sealing systems ensure that both liquid
water and water vapour are not allowed to cross the
interface between the substrate and the mortar.

The effect of salt transportation systems is based on their
pore space characteristics having the optimal structure that
allows absorption of salt solution without its accumulation
[69]. It means if the pores of the plaster are smaller than those
of the salt-polluted masonry material, all soluble salts are
removed from the substrate. If the substrate has a consider-
able amount of pores that are smaller than those of the plaster,
some salt might crystallize in the plaster but a significant
amount of the salt remainswithin the substrate itself [69].The
accumulating systems gain their specific properties due to the
presence of additives, such as water repellents [69]. Generally,
the plasters with the ability to transport the salt solution
from the masonry are preferred to salt blocking systems
[70].

When the plasters are able to incorporate salts in their
pore space but are not resistant against their crystallization,
they can be used as the so-called sacrificial layers [60]. This
method is frequently used to minimize the salt deterioration
of masonry although it means that used plasters have to
be replaced periodically. As a typical example, lime plasters
can be named, which do not reduce the evaporation and,
in comparison with cement plasters, can be easily removed
without remnants.

(5) Poultices. Aqueous extraction using poultices is the most
popular and the most frequently used desalination method
[71] because of its simplicity and efficiency. On the other
hand, only the subsurface zone of the treated masonry is
affected [72]. The desalination process has two main phases
[73]. In the wetting phase, water is transported from the
poultice into the wall where it starts to dissolve the salts.
Then, in the extraction phase, the dissolved salt ions travel
in the form of an aqueous saline solution from the wall back
into the poultice. The salt migration is generated either by
the existence of a concentration gradient between the object
and the poultice, in which case the salt ions diffuse through

the solution, or by capillary water flow from the object to
the poultice (generally due to drying) in which the ions are
advected within the solution [74].

In the case of diffusion-based desalination, the object
is brought into contact with aqueous salt solution, whose
concentration is close to zero. Then, based on the Brownian
motion of the dissolved salt molecules, the equilibrium
concentration is reached in the poultice as well as in the
treated object. This process can be described by Fick’s second
law adapted to the pore structure, that is, incorporating the
porosity and tortuosity of the material. In general, diffusion-
based poulticing works independently on the pore size, but
the poultices have to be renewed frequently and a good
hydraulic contact between poultice and object has to be
maintained. As it is a slow method, a sufficient time period
is required. Unfortunately, such a long contact with water
may have several disadvantages as the masonry and adjacent
structures can suffer from physical and/or chemical effects,
and microorganisms may also grow. On the other hand, the
very high efficiency of this method is a reward and materials
with very low pores (<0.1 𝜇m) can be treated only in this way
[41].

As advection is generally more rapid than diffusion,
advection-based desalination methods are much faster than
the diffusion-based. In this case, the desalination process
is governed by the moisture flow from the object to the
poultice. This is ensured by the significant quantity of pores
of poultice that are smaller than those of the treated object.
Also a good hydraulic contact between the poultice and
the object is required. Compared to diffusion methods, less
moisture is brought into the object and also smaller number
of repetitions is required [75]. Additionally, the accumulation
of salt in the poultice can effectively decrease the pore sizes
and improve the salt extraction process [76]. On the other
hand, during the extraction the increasing accumulation of
salt will reduce the rate of moisture loss by evaporation and
may promote the rate of back diffusion from the poultice into
the substrate.Therefore, the poultices have to be renewed too
[73].

As it was mentioned before, the application time of a
poultice is strongly dependent on the dominant transport
mechanism. In the case of diffusion-controlled “wet poul-
tices” it is important to keep the salt content in the poultice
as low as possible in order to maintain the concentration
gradient. Because diffusion is a relatively slow process, one
has to reapply the poultice often for a very long time, that
is, month or weeks rather than days. By contrast, in the
case of advection controlled “drying poultices” the initial
drying period where salts are mobilized by liquid transport
is important. Consequently, one should apply the poultice for
as long as this transport mechanism is dominant which is
generally in the order of days. Indeed, overly long application
times of drying poultices increase the risk that diffusion
becomes dominant to advection which may lead to back
diffusion of salt from the poultice into the object [30], as
water tends to flow from a region with a less concentrated
solution to a region with a more concentrated solution
[27].
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Figure 2: Behaviour of poultices as a function of their pore size
compared to the pore size of a substrate.

The competition between two mechanisms of transport,
advection and diffusion, can be characterized by the Peclet
number, Pe, as [27]

Pe = |𝑈| 𝐿
𝐷eff
, (1)

where 𝑈 [m s−1] is the moisture velocity, 𝐷eff [m2 s−1] is
the effective diffusion coefficient of the salt in the porous
material, and 𝐿 [m] is the length scale of interest. For Pe ≪ 1
diffusion dominates and ion transport proceeds according
to the concentration gradient. If Pe ≫ 1, then advection
dominates and ion transport takes place due to capillarywater
flow. It is important to keep the drying rate sufficiently high
as long as possible to maintain Pe above 1 in order to extract a
maximal amount of salt from a treated object. In practice this
means that the air at the drying surface has to be refreshed at
a sufficient speed [58].

Based on the above mentioned, it is preferable to use
advection-based poultices [75]. For this purpose, the poultice
has to be adapted to the pore-size distribution of a substrate
in order to create effective salt extraction by poultices [41].
The scheme of behaviour of poultices as a function of their
pore size is depicted in Figure 2.

According to the general consensus [41, 77], the following
aspects should be considered before desalination treatment
using poultices:

(i) Water content of poultice to supply appropriate
amount of water during the wetting phase.

(ii) Grain packing, size, and arrangement of grains as they
influence the connectivity between pore classes.

(iii) Pore-size distributions of the substrate and of the
poultice.

(iv) Shape of the pores as suction properties of sheet-like
throats seem less effective than tube-like throats.

(v) Consistency and thus the resistance of poultice to
deformation.

(vi) Workability as it has a direct influence on the adhe-
sion of the poultice to the substrate.

(vii) Drying shrinkage as it influences the adhesion of the
poultice to the substrate as well.

(viii) Adhesion as desalination effectiveness can be sig-
nificantly reduced if the poultice detaches too early
during the drying phase.

The most frequently used poultices are those being the
easiest to prepare and apply and having the good adhesion to
the substrate [71].There are three major components that can
be found in any type of poultice: an inert material to reduce
the shrinkage (e.g., sand),moisture reservoir, and amineral as
active salt extracting component and also moisture retainer.
Varying the type of components and their ratios, the pore-
size distribution of a poultice can be controlled [41]. If the
poultice is intended to have the dual function of both wetting
and desalination, it must have a wide pore-size distribution
incorporating large pores acting as reservoirs for wetting as
well as small pores ensuring the advection from the substrate
to the poultice. Moreover, potential changes in the porosity
and pore-size distribution of the poultice material during
drying need to be also taken into account [73].

Cellulose poultices represent the most frequently used
material in desalination processes [71], no matter if the cel-
lulose comes from cotton wool, blotting paper, or newspaper
or is used in the form of powdered cellulose fibers [78].

The reason of their frequent application lies in their
advantages. Their softness makes them possible to be applied
on rough or fragile surfaces. Additionally, they are easy
to be handled and can be removed without leftovers [60].
Neutral pH, high water absorption, plasticity, and adhesion
may be listed as other advantages [78]. Thanks to presence of
cellulose fibers, excessive water content does not affect their
consistency as in case of other materials [77]. According to
findings presented by Auras [60], the poultices may be used
repeatedly as the salts can be washed out.

On the other hand, cellulose poultices have also several
disadvantages, such as an occasional development ofmolds, a
tendency to redistribute surface salts deeper into the body, or
poor water retention when applied on vertical surfaces [78];
this can lead to poor adhesion. Sometimes salt efflorescence
or a largematerial loss has been observed. Cellulose poultices
also require longer preparation time than clays.

Another large group of poultice materials used in desali-
nation is formed by clayminerals andmixtures of clayminer-
als and sand [71]. Frequently used clay minerals are montmo-
rillonite, kaolinite, hydrotalcite, allophane, bentonite, kaolin-
ite, or sepiolite [60].

Bentonite-rich poultices are efficient when wet, thanks to
osmotic pressure. Kaolinite-rich poultices require more time
to reach the same salt extraction efficiency, but they perform
well when dry due to capillary suction [79]. However, they
may leave white residues, which might be a problem in the
case of dark colored and/or particularly sensitive surfaces.

The best results from the point of view of salt extraction
were achieved when poultices containing themixes of several
components were used [80]. For example, the cellulose-
kaolin-sand poultice exhibits a good performance as cellulose
works as the water reservoir, kaolin extracts the water
solution from the substrate by capillary suction, and sand is
used to reduce the shrinkage.

Despite the extensive research and progress that has been
reached in the field of desalination of building constructions
using poultices, currentmethods are still not efficient enough
in a certain way (mold growth, reverse osmosis, or extreme
pH values). Therefore, a development of new conservation
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treatments is required that can preferably be applied for both
preventing salt damage development and promoting effective
desalination. Hydrophilic mineral wool is oftenmentioned in
that respect as an alternative to commonly used cellulose [46].
Contrary to cellulose, mineral wool is an inorganic material
that does not support the mold growth affecting negatively
the maintenance of the poultice. Moreover, it does not shrink
during drying which ensures its adhesion to the treated
surface. However, even ifmineral wool poultices were already
involved in desalination process of a castle in France [81],
their further investigation is still needed. Several researches
were therefore performed, aiming at determination of heat
andmoisture storage and transport properties using different
techniques [82, 83]. The water and chloride absorption coef-
ficients as well as corresponding moisture diffusivities were
found very high [84] which is beneficial for the application as
a poultice material. However, it was found that after repeated
wetting-drying the water absorption coefficient dropped
which was explained by the partial leaking of the hydrophilic
substance. This fact significantly reduces the repeated appli-
cation of mineral wool poultices, even if the contained salt
may have positive effect on water absorption and thus can
partially compensate the absence of hydrophilic substance.
Therefore, future research of mineral wool poultices aims
at optimization and experimental verification of moisture
and salt transport and storage properties and subsequent
semiscale testing on salt-laden masonry.

4. Rising Damp Treatment in
Historical Buildings

4.1. The Wall Base Ventilation System. Water associated with
salts is one of the main degradation factors of historic build-
ing. There are two main sources of buildings water supply:
the phreatic waters and surface waters. The phreatic waters
come from the ground and rising damp is a consequence.
In this sense an innovative technique was developed, “wall
base ventilation system” which consists of circulating air
in the walls base with a relative humidity away from the
saturation and with steam pressure conditions favorable to
the walls drying. The wall base ventilation system increases
evaporation, which reduces the level achieved by the damp
front.

This technique should be used when the system’s bottom
comes above the water phreatic level. A ventilation system
with channels associated with a hygroregulated mechanical
ventilation device, which makes the system operate in accor-
dance with predefined sizing criterions, can be designed (see
Figure 3).

In the Laboratory of Building Physic, LFC, of the Faculty
of Engineering, University of Porto, FEUP, several works have
been developed that greatly contributed to the system’s sizing.
For over 15 years the phenomena of rising damp in building
walls have been studied [85, 86].

At the beginning of the last decade merges the idea of
ventilating thewall base as a rising damp treatment technique
[87, 88]. The ventilation, initially thought as natural, quickly
came to be conceived as amechanical controlled process [88].

Without ventilation With ventilation

Figure 3: Wall base ventilation system principle.

In this framework several laboratory studies and numerical
simulations in walls, with and without the system, in order to
validate this new technology, were developed [87–90].

In 2002 some tests campaign began in a church, where
these systems were implemented for the first time [91]
followed by the use of those systems in other buildings. It was
in 2005 that new experimental campaigns in laboratory envi-
ronment were done, with the aim to characterize the system,
in particular, their geometry [92]. Other parameters were
evaluated as the speed of air circulation and air admission
characteristics [91]. In 2007 it was found that although the
system reduce the level reached by the wet front, conden-
sations inside the system can occur, which is undesirable. It
was considered necessary to use a hygroregulated system able
to control the occurrence of such condensations based on
predefined criteria [91, 93]. In 2008 began the development
of a sizing system model [8, 94–103]. Sensitivity studies were
simultaneously evaluated [8].

In field implemented systems were adapted in 2009
with new operating criteria, studied, and optimized, with
the purpose of controlling condensation occurrences and
crystallization formation and/or salts dissolutions, starting
a new campaign. A survey was conducted to assess the
originality of the proposed system but the systems found,
apparently similar, just actively drain the water from the
walls base or remove vapours and gases from buildings
[104–106]. This analysis allowed to conclude that this is an
innovative technology and initiated a patent application of
the University of Porto, UPIN, titled “Hygro-Adjustable Wall
Base Ventilation System” [107] shown in Figure 4.

4.2. Salts Solutions versus Wall Base Ventilation System. The
model describes a mass balance where, in steady state, the
capillary water absorption rate equals the rate of evaporation.
If thewater that runs through the structure contains apprecia-
ble quantities of dissolved salts, which is very common, then
there is an additional component for the mass balance and
there is an accumulation of salts in the wet region. This leads
to a gradual increase in the concentration of salt dissolved in
the water stored that may lead to deposition of salt within the
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Figure 4: Patent system.

mesh or solid surface. These processes are not incorporated
into the model, although some of their effects can be added.
The absorption may be adjusted, if necessary, by a small
change in the value of the sorptivity. More importantly, in
the presence of salts the evaporation rate is reduced by a
factor (𝑝sal)/(𝑝𝑝 − 𝑝𝑎), where 𝑝sal is the vapour pressure of
the solution of salt on the surface, 𝑝𝑝 is the vapour pressure
of pure water, and 𝑝𝑎 is the vapour pressure of water in the
environment [108].

5. Conclusions

A thorough review of scientific literature dealing with salts
in the deterioration process of porous building materials
was presented and principal factors responsible for the
degradation processes were analyzed. The main results can
be summarized as follows:

(1) When treating the damage caused by salts in building
materials, avoiding the source of damp is found
often enough to lead to the solution of the problem.
However, if the salts are already contained in the
masonry, various desalination methods have to be
applied. The historical masonry can be named as a
typical example, as a physical separation of building
materials from the ground moisture is mostly not
feasible or completely missing.

(2) The dry-mechanical removal of surface efflorescence
is used only marginally. Similarly, the bath methods
are not used frequently because of their substantial
limitations. The electrokinetic methods have certain
disadvantages as they require high humidity and
work ion-selectively. The purpose-designed plasters
for desalination are being used more often, especially
those containing natural hydraulic lime, which are
preferred to cementitious materials because they can
be removed easily from masonry without remnants.
They can be also used as sacrificial layers.

(3) Among all the desalinationmethods, aqueous extrac-
tion by poulticing is the most popular one. There
are several poulticing materials that can be used; clay
minerals and cellulose belong to the most favorite
and most frequently ones. However, despite extensive

investigations some disadvantages are still preserved,
such as mold growth, shrinkage, or reverse osmosis.
Therefore, new poulticing materials are still being
developed. Based on the results presented so far it can
be concluded that even if cellulose can be considered
as the favorite material presently used in desalination
poultices, hydrophilic mineral wool can serve as its
prospective alternative in future applications.

The treatment of rising damp is a problem difficult to solve
and of the utmost importance in monuments and historical
buildings. According to the performed study the following
conclusions can be reached:

(1) The treatment of rising damp in monuments and
historical buildings is a problem scarcely difficult to
solve.

(2) Despite the existence ofmany treatment solutions and
techniques we consider the use of air with controlled
relative humidity the most suitable treatment princi-
ple.

(3) An hygroregulated wall base ventilation device is
essential to control condensation occurrences inside
the system.

(4) The model should consider not only pure water
but also salt solutions as this is the real and most
important problem.
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[68] J. M. Paz-Garćıa, B. Johannesson, L. M. Ottosen, A. B. Ribeiro,
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Ascensional, FEUP, Porto, 2008.

[99] A. S. Guimares and V. P. De Freitas, “Wall base ventilation
system as a new technique to treat rising damp in existent
buildings,” Journal of Building Appraisal, vol. 5, no. 2, pp. 187–
195, 2009.
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[102] A. S. Guimarães, J. M. P. Q. Delgado, andV. P. de Freitas, “Rising
damp in historic buildings: the wall base ventilation system,”
in Proceedings of the 9th Nordic Symposium on Building Physics
(NSB ’11), Tampere, Finland, June 2011.

[103] M. I. M. Torres and V. P. de Freitas, “The influence of the
thickness of the walls and their properties on the treatment of
rising damp in historic buildings,” Construction and Building
Materials, vol. 24, no. 8, pp. 1331–1339, 2010.

[104] Schmitt, Maucher—Vorrichtung zum Be und Entlüften insbe-
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[108] A. S. Guimarães, Wall base ventilation system sizing to rising
damp treatment [Ph.D. thesis], Faculty of Engineering, Univer-
sity of Porto—FEUP, 2011.

http://ip.com/patapp/US20040139688
http://ip.com/patapp/US20040139688
http://google.com/patents/WO2010093272A1?cl=ar
http://google.com/patents/WO2010093272A1?cl=ar


Research Article
Strengthening of Steel Columns under Load:
Torsional-Flexural Buckling

Martin Vild and Miroslav Bajer

Faculty of Civil Engineering, Institute of Metal and Timber Structures, Brno University of Technology,
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The paper presents experimental and numerical research into the strengthening of steel columns under load using welded plates.
So far, the experimental research in this field has been limitedmostly to flexural buckling of columns and the preload had low effect
on the column load resistance. This paper focuses on the local buckling and torsional-flexural buckling of columns. Three sets of
three columns each were tested. Two sets corresponding to the base section (D) and strengthened section (E) were tested without
preloading and were used for comparison. Columns from set (F) were first preloaded to the load corresponding to the half of the
load resistance of the base section (D).Then the columns were strengthened and after they cooled, they were loaded to failure. The
columns strengthened under load (F) had similar average resistance as the columns welded without preloading (E), meaning the
preload affects even members susceptible to local buckling and torsional-flexural buckling only slightly.This is the same behaviour
as of the tested columns from previous research into flexural buckling.The study includes results gained from finite elementmodels
of the problem created in ANSYS software. The results obtained from the experiments and numerical simulations were compared.

1. Introduction

Strengthening is a type of retrofit works, in which a material
is added to a base cross-section in order to transfer additional
load. The use of welded plates to strengthen steel members is
a commonpractice because it is fast and cheap.Unloading the
structure before strengthening may often be almost unfea-
sible or economically inconvenient, in which case strength-
ening under load is carried out (for case study examples see
[1–3]). Although there are several rules of thumb, current
normative documents do not refer to this problem and no
reliable analytical solution has been developed to date [4].
In most of the experiments detailed in literature (e.g., [5–
7]), the load resistance of columns strengthened under load
was very similar to that of reference columns strengthened
without preloading. However, there is no consensus among
researchers. Some (Brown [8], Ricker [9], Spal [10], and
Unterweger [11]) believe that load resistance is decreased by
preloading, others (Tall [12], O’Sullivan [5], Tide [13],Wu and

Grondin [14], and Bhowmick and Grondin [15]) claim that
well designed and conducted column strengthening under
load does not decrease its load resistance.

The paper presents experimental and numerical research
into the strengthening of columns under load using welded
plates. Experimental research of other investigators (e.g., [6,
7, 16]) was focused on flexural buckling of columns. Also
other works of authors investigated flexural buckling of wide
flange columns strengthened under load with intermittent
welds [17]. All the experimental research into flexural buck-
ling showed that the preload had low effect on the load
resistance of the column strengthened under load.Therefore,
columns susceptible to local and torsional-flexural buckling
were selected. Additionally, the theoretical axis of loading
did not pass the column centre of gravity which caused a
bending moment. The experiments were conducted at the
laboratory of the Institute of Metal and Timber Structures
at Brno University of Technology in April 2015. The purpose
of this paper and the presented experiments is to contribute
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Figure 1: Column specimen strengthened under load in the test set-
up.

to the existing body of knowledge concerning strengthening
under load that aims to make retrofit design both safe and
economical.

2. Materials and Methods

Three sets of columns were selected for the research. The
experimental sets of columns comprise three columns each.
Set (D) includes columns labelled D1, D2 and D3, set (E)
columns E1, E2 and E3, and set (F) columns F1, F2 and F3.
Numerical models of columns are labelled D, E and F. The
columns were subjected to a compressive force (see Figure 1).
The axis of loading passing through axis 𝑦 did not pass the
centre of gravity (intersection of axes 𝑦 and 𝑧) which caused
additional bendingmoment.The cross-sections are presented
in Figure 2. All columns were welded with continuous welds;
the throat thickness of which was 4mm. Set (D) included
columns with a T-shaped cross-section welded from the
flange with the dimensions 140 × 8.1mm and from the web
with the dimensions 200 × 5.4mm. The columns from set
(D) were class 4 according to the classification of cross-
sections in EN 1993-1-1 [18]. Set (E) comprised columnswith a
monosymmetric I-shaped cross-section. The flanges had the
dimensions 140 × 8.1mm and 80 × 7.9mm, and the web was
200 × 5.4mm in size. Sets (D) and (E) were necessary for the
comparison of behaviour and resistance. Set (F) contained
columns with a T-shaped cross-section with the same dimen-
sions as the columns in set (D). The columns from set (F)
were first loaded to 70 kN and then strengthened under this
load with a second flange.The preloadmagnitude was chosen
as the half of the average experimental load resistance of set
(D). The preload ratio (ratio of the preload magnitude and
the base section load resistance) 0.5 is considered in Czech
technical recommendations [19] as the maximum limit value
for strengthening under load.The resulting cross-section was

the same as that of the columns from set (E). The columns
from sets (E) and (F) were class 3.

Buckling resistance of investigated beam-columns was
determined using Cl. 6.3.4 general method for lateral and lat-
eral torsional buckling of structural components in Eurocode
1993-1-1 [18]. Values of 𝛼ult,𝑘 and 𝛼cr,op were determined
numerically using averagemeasured thicknesses of plates and
average yield stress determined from coupon tests.

2.1. Experimental Research. Each set comprised three
columns (labelled 1, 2, and 3) selected for use in experimental
research. All columns were 3m long and loaded by loading
cylinder. The load was transferred through knife-edge
bearings (see Figure 3), which provided pinned boundary
conditions perpendicular to stronger axis 𝑦 and fixed per-
pendicular to weaker axis 𝑧. The load acted on axis 𝑦 which
does not align with the axis 𝑦 passing through the centre of
gravity.The distances between axes 𝑦 and 𝑦 are 53.5mm and
18.4mm in cases of base section and strengthened section,
respectively. Hence, the axial force causes also bending
moment. Both sets (D) and (E) were loaded monotonically
until collapse occurred. The columns from set (F) were first
inserted into the loading set-up and loaded to 70 kN. The
force was manually held roughly constant (±5 kN) while the
second flange with the dimensions 80 × 7.9mm was welded
to the web under the load. The shielded metal arc welding
method with electrode wire thickness 2.3mm was used. The
force rose by around 1 kN per 12 s while the steel was being
heated by the welding process and dropped at a similar rate
while the process was paused and the column cooled. The
load and column elongation and shortening of specimen F3
can be seen in Figure 4. The temperature of the column was
monitored with a handheld infrared thermometer. After the
welding process was finished and the specimen had cooled,
columns F1 and F2 were unloaded to 10 kN to determine the
change of initial imperfections as suggested by Unterweger
[11] and then loaded to failure. Column F3 was loaded to
failure without unloading.

Tension coupon tests were conducted to determine steel
mechanical properties. Three coupons were machined from
webs, three from longer flanges, and three from shorter
flanges. The precise thickness of the plates was measured
with callipers at several spots and the average value was
used for numerical analysis. 1-LY11/6/350 strain gauges (SG)
were used (see Figure 2) to measure the strain, which was
recalculated into stress using the true stress-strain diagram
obtained from the coupon tests. The vertical displacement
and force at the bottom of the column and the horizontal
deflection and strains at midheight were measured for all
specimens. A Southwell plot [20] was used to determine the
initial imperfections.

2.2. Numerical Modelling. Numerical simulations were per-
formed to complement the values which had not been mea-
sured in the experiment. ANSYS software [21] was used for
finite element analyses. The temperature load from thermal
analyses was used to model the effects of the continuous
weld with a throat thickness of 4mm. The temperature
load corresponded with the deformations measured in these



Advances in Materials Science and Engineering 3

140

8.
1 5.4

20
8

21
6

8.
1

5.4

140

80

21
6

8.
1

5.4

140

80

(D) (E) (F)

7.
9

7.
9

SG1 SG2

SG3_T

SG1 SG2 SG1 SG2

SG3_T
SG3 SG4 SG4SG3

DWS1 DWS2
DWS3

DWS4

DWS1 DWS2
DWS3

DWS4

DWS1 DWS2
DWS3

DWS4

53
.5

18
.4

18
.4

y

y

z

y

y

z

y

y

z

Figure 2: Column sets with dimensions, axes, strain gauge (SG) positions, and draw wire sensors (DWS) positions.

y

Figure 3: Knife-edge boundary conditions.

40

50

60

70

80

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210
Time t (min)

A
xi

al
 fo

rc
eN

(k
N

)

0

1

2

3

4

5

6

C
ol

um
n 

le
ng

th
 ch

an
ge

z
(m

m
)

N

z

Figure 4: Axial force and column length changes during the spot welding (orange background colour), welding process (red colour), and
cooling (blue colour).



4 Advances in Materials Science and Engineering

experiments and similar experiment performed by authors
[22] and the longitudinal stresses available in the literature
(e.g., [23–25]).The residual stress of bare plateswas neglected.
TheSHELL 181 element typewas used for all plates. It is a four-
node structural shell element with six degrees of freedom at
each nodewhich iswell suited for large strain nonlinear appli-
cations [21].Themesh had to be relatively dense (element size
4 × 10mm) due to high stress gradients caused by welding
simulation. Mapped mesh was used all over the column and
welds; the degenerate triangular elements were used only on
few plates of knife-edge bearings which were modelled with
several plates (see Figure 3). The material model of the knife-
edge bearings was elastic (modulus of elasticity 𝐸 = 210GPa)
and thematerial model of the plates was multilinear isotropic
with the average true stress-strain diagram obtained from the
coupon tests.The columns in the numerical analyses, labelled
D, E, and F, correspond to sets of specimens (D), (E), and (F)
used in the experimental research.

The column strengthened under load F was modelled
using the following procedure. First, the ideal geometry was
created. Pinned boundary conditions around the axis 𝑦
and node coupling in longitudinal direction 𝑥 were used
at the position of the knife-edge bearings. Then, the model
was updated with imperfections using Block Lanczos Eigen
Buckling analyses. The elements of the strengthening plate
and fillet welds were deactivated and the base column with
a T-shaped cross-section was updated with the first mode of
Eigen Buckling analysis.Thismode corresponded to the local
buckling of the web and caused web undulation. The max-
imum deflection was chosen as 1mm, which corresponded
to 1/200 of the web width. The strengthening elements were
then activated and another Eigen Buckling analysis was
performed.Thefirstmode, corresponding to global torsional-
flexural buckling, was selected with a maximum deflection
of 3.75mm, which was equal to 1/800 of the column length
that is the limit geometrical tolerance stated in EN 1090-2
[26] and roughly coincided with the average results of the
Southwell plot. Additionally, other three modes were added
with decreasing amplitude (3.75mm, 1.875mm, 0.938mm,
and 0.469mm for the first, second, third, and fourth mode,
resp.). The elements were then switched to SHELL 131 and
two thermal analyses were conducted. The first was for the
residual stresses distribution of the base welded T-shaped
cross-section, and the secondwas for deflections and residual
stresses caused by the welding of the strengthening flange
under load (see Figure 9). After this, the elements were
changed to structural again and five consecutive static analy-
ses were performed. First, the elements of the strengthening
plate were deactivated and the residual stresses for the base T-
shaped cross-section were implemented. Second, the column
was loaded to 70 kN.Third, the elements of the strengthening
plate were reactivated and residual stresses and deflections
caused by the welding process were implemented. Fourth,
the column was unloaded to determine the change in the
initial imperfections of the column strengthened under load.
Finally, the column was loaded with force until the solver
stopped converging, meaning collapse had been reached.

For the purpose of comparison, the models of columns
D and E were also created using a similar procedure. The
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Figure 5: Stress distribution in longitudinal direction 𝜎𝑥 [MPa]
caused by welding in longer flange used in finite element analysis.

geometry of columns D and E updated the same imperfec-
tions as column F. The same program and similar procedure
were used by Liu and Gannon [27, 28] andWang et al. [29] in
their recent work on beams strengthened under load.

The effect of residual stress was investigated in greater
detail because it is the source of unknown variables. The
temperature load that was determined to correspond to
the measured deformations of specimens (throat thickness
4mm, area of the weld 𝐴𝑤 = 32mm2; see Figures 5 and
9) and then temperature load higher by 33% and lower by
33% was applied to the models of columns D, E, and F.
These temperature loads are expected to correspond to the
weld with throat thickness 3.3mm (area of the weld 𝐴𝑤 =
21mm2) and 4.6mm (area of the weld 𝐴𝑤 = 43mm2) for
temperature load 33% lower and 33% higher, respectively. A
little difference in throat thickness leads to a relatively big
difference in the area of the weld. Other variables are the
travel speed of the welding arc, number and length of pauses,
and so forth. These variables are impossible to account for
in field welding. The results of this parametric study are
described further.

3. Results and Discussion

3.1. Experimental Research. The results of mechanical prop-
erties were averaged. Young’s modulus of elasticity, yield
strength, and ultimate strength were 210GPa, 316 ± 5MPa
(𝜌 = 1.57%), and 454 ± 5MPa (𝜌 = 1.01%), respectively.

Stresses recalculated from strain gauges and deflections
obtained from draw wire sensors (DWS) at the moment
of collapse are plotted in Figure 6; graphs of deflections
dependent on the axial force are shown in Figure 8. Note
that the deflections caused by welding at the load 70 kN are
included. The specimens from sets (E) and (F) failed via
torsional-flexural buckling and the specimens from set (D)



Advances in Materials Science and Engineering 5

−163.3

64.6

−272.4
−10

−218.3

111

−316

57.7

−47.5
−250.5

−46.4−67.3

−52.5

7.5

−100.1

−0.3 −5.9

44.9

−82.4

53

316

−310.6

104.5

−316

196.7

−158.6

15.5

−316

13.6

21.2

−184.4

246.8

−316

59.9 kN

E3—379.8 kN

E2—387.8

 360.6 kN

D3—155.3 kN

D2—159.5 kN

F3—382.9 kN

F2—380.1 kN

386.3 kND1—1 E1— F1—

Figure 6: Experimental results at the moment of collapse: load resistance, stresses recalculated from strain gauges [MPa], and deflections.

failed via local buckling of the web, as expected (see Figure 7).
In the case of specimens from set (D), strain gauges and draw
wire sensors were positioned at midheight and the wave of
local buckling occurred at a different location. This is the
reason for big differences in the direction of axis 𝑦, rotation
𝜃, and stress recalculated from strain gauges.

The welding process caused deformation of the flanges.
The weld caused shrinkage and the flanges inclined by

approximately 3∘ in the direction towards the web. The
average stress on the flange of the base T-shaped cross-
section (the average of SG1 and SG2) at 70 kN of load was
only −13.4MPa (compression). The stress after the welding
process even switched into tension, to an average value of
13.9MPa (tension). The stress on the web of the base T-
shaped cross-section (SG3) was −85.9MPa, which is still a
low value compared to the yield stress. Unfortunately, the
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Figure 7: Local buckling of column D2 (before collapse occurred)
and torsional-flexural buckling of columns E3 and F3 (after col-
lapse).

welding process near SG3 T destroyed the strain gauge but
the weld clearly caused shrinkage.The specimens from set (F)
were deflected at midheight by welding by an average value of
−8.63mm in the direction of axis 𝑧. This value corresponds
well with the calculation by Blodgett [24] and Huenersen et
al. [25], −7.59mm and −9.03mm, respectively.

The average load resistance of set (D) was 157 kN, which
is much larger value than the one calculated from EC 3 [18]—
76 kN. This issue is known and is handled by researchers,
for example, [30]. The average load resistance of set (E) was
376 kN and for set (F) it was 383 kN; both values slightly
exceeded resistance calculated according to EC 3—342 kN.
In the case of these six specimens, the average resistance
of the column strengthened under load (F) was similar and
even slightly increased compared to the column with an I-
shaped cross-section welded without preloading (E). This
could be explained by the effect of residual stresses and
deflections caused by welding, which caused the tension
in the most compressed base section flange. Furthermore,
the stress in the shorter flange, which is decisive for the
column resistance, is slightly lower at the moment of collapse
in the case of set (F) than in the case of set (E) (see
Figure 6). In the case of specimens from set (E) at 70 kN, the
average stress on the short flange (average of SG3 and SG4
which were glued after welding and therefore they did not
take into account residual stresses) was −29.4MPa. Using a
combination of numerical (only to determine residual stress)
and experimental results, it seems that the shorter flange of
specimens from set (F) started to yield in average at 21 kN
higher load than in the case of specimens from set (E). This
behaviour and a slight increase in load resistance were also
observed in previous experimental research by the authors
[22] and in the literature, for example, by Nagaraja Rao and
Tall [6]. However, it seems that specimen E1 had higher initial
nonintended eccentricity in supports which resulted in the
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Figure 8: Graphs of deflections in the middle of the column in the
direction of principal axes 𝑦 and 𝑧 and rotation 𝜃, deflections caused
by welding are included; numerical results are in black; calculation
according to EC 3 is in red.

lower load resistance. Additionally, column E1 was delivered
slightly damaged by the supplier.

The unloading and loading load-displacement curves of
columns F1 and F2 followed the same path and the load
resistances of both specimens were the same as of column
F3. Therefore, it is presumed the unloading to 10 kN did not
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Figure 9: Residual stresses in the longitudinal direction 𝜎𝑥 [MPa] caused by welding at midheight.

affect the column behaviour. From the graphs in Figure 8,
it can be seen that the strengthened column is stiffer and
its load-displacement curve is more vertical. This confirms
the theory of increased imperfection by Unterweger [11].
However, the welding process caused predictable deflection
in the direction of axis 𝑧 which was much more serious and
random deflection in the direction of axis 𝑦 and rotation
𝜃 which were of the similar magnitude as the increased
imperfection.

3.2. Numerical Modelling. The goal was to achieve similar
distortion and stress distribution as described in Section 3.1.
Then, values which were unclear and hard to measure
in the experiment could be read from the finite element
models. The results of deflections are included in Figure 8
for comparison with the experimental results. The numerical
results correspond closely to those from the experiment.
Differences may be accounted for by the different shapes of
the initial imperfections. A large difference only appeared in
the case of set (D), which failed via local buckling. Unlike in
the case of the finite element analysis, the decisive buckling
wave that occurred during the experiment did not occur
at the midheight where the measurements were taken and
therefore only the deflections in the direction of axis 𝑧 are
comparable. The deflections of column F during the loading
were slightly higher than those of columnE.This suggests that
the assumptionmade byUnterweger [11] that there are higher
initial imperfections in the member strengthened under load
is correct. However, the experimental results do not show
clear pattern due to the unpredictable stresses and deflections
caused by welding.

Residual stresses caused bywelding are shown in Figure 9.
Column F had lower compression stress than column E in
the shorter strengthening flange where the most stressed
fibres were located when the column later failed via buck-
ling. This might be one of the reasons why the columns
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Figure 10: Longitudinal stresses on strain gauges during loading,
comparison of numerical model and experimental results.

strengthened under load (F) had a slightly higher average
load resistance than the regular columns (E) tested in the
experiment. Longitudinal stresses 𝜎𝑥 in the position of the
strain gauges are compared with the experimental results in
Figure 10.The stresses from the experiment were recalculated
from measurements obtained from the strain gauges, which
unfortunately were not glued to the plain plates, so they did
not reflect the residual stresses. For this reason, the origins of
experimental stresses (dotted lines) were set to the stresses
from the numerical model at zero load. Figure 11 shows
the stresses in the longitudinal direction at the moment of
collapse. The stress distribution of columns E and F is very
similar, with a significant portion of the cross-section passing
the yield point in both cases. The load resistance of columns
D, E, and F was 137.8 kN, 399.4 kN, and 383.0 kN, respectively.
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Figure 11: Stresses in the longitudinal direction 𝜎𝑥 [MPa] at midheight at collapse.

The member strengthened under load F and under no load
E had nearly the same load resistance. The slight increase in
load resistance for the set of columns strengthened under
load (F) measured in the experiment was therefore not
confirmed by these finite element analyses.This suggests that
this increase could be caused by smaller initial imperfections
of specimens from set (F), the slightly damaged specimen E1,
and possible different quality of the strengthening weld, as
discussed further.

The results of the parametric study concerning the
temperature load causing residual stress distribution are
summarised in Table 1. The temperature load corresponding
to the average measured deformations of the specimens, the
decreased temperature load, and the increased temperature
load are labelled exp, 0.67 × exp, and 1.33 × exp, respectively.
In the case of column D with the T-shaped cross-section,
the load resistance increased with increasing temperature
load. This can be explained by the higher deflection in the
direction of axis 𝑧 which decreased the distance between the
point of load application and the centre of gravity in the
midheight which led to smaller bendingmoment. In the cases
of columns E and F, the load resistance slightly decreasedwith
increasing temperature load. The difference in deflections
caused by welding, while big on its own, is small if effects of
bothwelds at longer flange and shorter flange are summed up.
The decrease in load resistance can be attributed to the higher
compressive residual stress.The decrease in load resistance of
the highest and lowest applied temperature load was only 8%
but it can be one of the factors contributing to the difference
between results of specimens in each set of experimental
study and also the difference between numerical models
and averages of experimental study. The welder performed
welding operations of specimens from sets (D) and (E) and
the welds at the longer flange of specimens (F) comfortably
on the bench in a horizontal position.The strengthening fillet

Table 1: Results of parametric study: load resistance𝑁𝑏,𝑅, deflection
in the direction of axis 𝑧 caused by the fillet weld at longer flange𝑤𝑧,T
and at shorter flange 𝑤𝑧,I

Column Temperature load 𝑁𝑏,𝑅 [kN] 𝑤𝑧,T [mm] 𝑤𝑧,I [mm]

D
0.67 × exp 134 6.3

exp 138 8.5
1.33 × exp 140 10.3

E
0.67 × exp 420 6.3 −7.2

exp 399 8.5 −9.9
1.33 × exp 387 10.3 −12.4

F
0.67 × exp 405 6.3 −7.4

exp 383 8.5 −10.5
1.33 × exp 374 10.3 −13.4

welds at the shorter flange of specimens (F) were performed
in a vertical position, the upper parts from a ladder.Thus, the
quality of welds, travel speed of the welding arc, and so forth
were affected.

4. Conclusion

The experiments on slender columns susceptible to local and
global buckling proved that the method of strengthening T-
shaped columns with a second flange under preload magni-
tude up to 50% of the base section’s buckling resistance is safe
and feasible.These six experiments support the claim that the
load resistance of a column strengthened under load is nearly
the same as that of a column welded without preloading.
The numerical simulation was managed to determine values
that had not beenmeasured in the experiment.The following
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conclusions can be drawn from the experiments and research
involving numerical models:

(1) The force changes rapidly during the shielded metal
arc welding process with thick electrode core wire.
Temperature changes must be carefully monitored
and stress changes considered especially if the column
is less stiff than surrounding structural components.
Use of thin electrode core wire or intermittent welds
could reduce these changes.

(2) The residual stresses and deformations caused by
welding are often much higher than the stresses
caused by preloading. Especially in cases with slender
base sections, the stresses during axial loading rise
slowly with increasing load but plummet at the most
stressed fibres in the cross-section when the load on
the column is nearing its critical load.Therefore, with
preload magnitudes up to 50% of the base section’s
load resistance, the buckling of the base section (both
local and global) hardly affects the load resistance of
the strengthened section and strengthening plates can
prevent further local buckling.

(3) Welding causes shrinkage and tensional residual
stresses near the weld. If the strengthening method is
designed so that the position of the welds is near the
most compressed fibres or causes deformations which
have a positive influence, the welds can increase
buckling resistance.

(4) Similarly, if possible, strengthening plates should be
positioned outside the base cross-section in order to
increase themoment of inertia. In the case of columns
strengthened under load, these plates reach the yield
point later, thus increasing buckling resistance.

The validated numerical model will find application in
the behavioural analysis ofmembers strengthened under load
in future research in this area. Such research is currently in
progress, and other experiments have already been planned
to verify the above-mentioned conclusions.
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Czechoslovakia, 1968.

[11] H. Unterweger, “Ultimate load capacity of columns strength-
ened under preload,”Advances in Steel Structures, vol. 1, pp. 117–
124, 1999.

[12] L. Tall, “Reinforcement of steel columns,” AISC Engineering
Journal, pp. 33–39, 1989.

[13] R. H. R. Tide, “Reinforcing steel members and the effects of
welding,” AISC Engineering Journal, vol. 27, no. 4, pp. 129–131,
1991.

[14] Z. Wu and G. Y. Grondin, “Behaviour of steel columns rein-
forced with welded steel plates,” Structural Engineers Report
250, University of Alberta, Edmonton, Canada, 2002.

[15] A. K. Bhowmick and G. Y. Grondin, “Limit state design of
steel columns reinforced with welded steel plates,” Engineering
Structures, vol. 114, pp. 48–60, 2016.
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Copyright © 2016 Min Jae Kim et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The present study concerns the influence of C
3
A in cement on chloride transport in reinforced concrete. Three modified cement

was manufactured in the variation of the C
3
A content, ranging from 6.0 and 10.5 up to 16.9%.The setting time of fresh concrete was

measured immediately after mixing, together with the temperature at the time of initial set. For properties of hardened concrete
in the variation in the C

3
A, a development of the compressive strength and chloride permeation were measured using mortar

specimens. Simultaneously, chloride binding capacity was measured by the water extraction method. To ensure the influence of
pore structure on chloride transport, the pore structure was examined by the mercury intrusion porosimetry. As a result, it was
found that an increase in the C

3
A content resulted in an increase in chloride binding capacity. However, it seemed that increased

binding of chlorides is related to the higher ingress of chlorides, despite denser pore structure. It may be attributed to the higher
surface chloride, which could increase the gradient of chloride concentration from the surface, thereby leading to the higher level
of chloride profiles. Substantially, the benefit of high C

3
A in resisting corrosion, arising from removal of free chlorides in the pore

solution, would be offset by increased chloride ingress at a given duration, when it comes to the corrosion-free service life.

1. Introduction

Chloride attack is one of the main causes of deterioration of
reinforced concrete structures that is exposed on a marine
environment or deicing salts. It is generally believed that
steel embedded in concrete maintains a passive film (i.e., 𝛾-
Fe
2
O
3
) which protects the metal against corrosion due to

the high alkalinity of concrete pore solution [1]. However,
the passive film would be subsequently destroyed by chloride
attack, once chloride ions reach steel. Likewise, to alert
the risk of chloride-induced corrosion of steel in concrete,
chloride threshold level can be defined as the chloride ion
concentration at the depth of the steel which induce a
breakdown of passive film and induce corrosion initiation.
Consequently, chloride concentration at the depth of the steel
is indicative of the corrosion risk and can be represented by
different forms [2, 3].

Chloride binding is an interaction between hydra-
tion products and chloride ions. In particular, the hydra-
tion products of C

3
A and C

4
AF bind chlorides to form

3CaO⋅Al
2
O
3
⋅CaCl

2
⋅10H
2
O (Friedel’s salt) and 3CaO⋅Fe

2
O
3

⋅CaCl
2
⋅10H
2
O, respectively [4]. It has been conventionally

regarded that chloride binding is an important factor in the
corrosion of reinforced steel, because it removes chloride ions
from the pore solution.There are some literatures concerning
the influence of C

3
A in cement on chloride binding capacity,

depending on the source of chlorides. For example, chlorides
in cast were significantly removed or/and bound by C

3
A in

cement clinker [5, 6]. However, chlorides penetrated from an
external source had no benefit of C

3
A in being bound in the

cement matrix [7].
Besides, binding of chloride ions has been intuitively

deemed to impede chloride transport, due to immobilisation
of chlorides. Increased chloride binding in a high level
C
3
A cement would lower chloride transport and thus the

corrosion risk. However, the influence of C
3
A content on

chloride transport has been less experimented, to date.
Glass and Buenfeld [8] developed a model to predict the
chloride ingress with respect to C

3
A content, ranging from

2.0 to 14.0%. Their calculation and modeling showed that an
increase in C

3
A content resulted in a decrease in the pen-

etration of free chlorides, assuming that the pore structure
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Table 1: Oxide composition of Portland cement determined by XRF
(%).

CaO SiO
2

Al
2
O
3

SO
3

Fe
2
O
3

C
3
A: 6.0% 70.3 17.4 4.0 4.2 4.1

C
3
A: 10.5% 64.2 20.1 6.0 2.0 3.2

C
3
A: 16.9% 62.8 19.3 8.3 1.9 3.0

is given (i.e., identical pore distribution). Thus, to ensure
the C

3
A influence on chloride transport, a well-arranged

experiment set is required.
The present study concerns the influence of C

3
A content

on chloride transport. In fact, the C
3
A content in cement

is often limited by guidelines and standards due to heat
generation in hydration. However, to secure the variation
in the chloride binding capacity, a wide range of C

3
A was

selected in this study. Tests for fundamental properties,
including compressive strength, setting time, and chloride
profile, were conducted with cement containing different
level of C

3
A. Chloride binding capacity test was carried out

to determine the chemical effect of C
3
A. Simultaneously,

the pore structure was analyzed by using mercury intrusion
porosimetry to identify the role of C

3
A in transport of

chloride ions.

2. Experimental Works

2.1. Strength and Setting Time. Portland cement containing
four different levels of C

3
A in the clinker was manufactured

by modifying Al
2
O
3
and Fe

2
O
3
in oxides, as given in Table 1.

For a development of the compressive strength for hardened
mortar, cylindrical mortar specimens (Ø100 × 200mm) were
cast; the mix ratio of the Portland cement, water, and sand
(Grade M) was 1.00 : 0.40 : 2.52. After casting, the mortar
specimens were cured in a wet chamber at 20 ± 2∘C and
subsequently measured at 7, 28, and 56 days.

Setting timewas determined by the penetration resistance
of fresh mortar. Standard needles (645, 312, 161, 65, 32,
and 16mm2 of the area of the needles in a circular shape)
were used to measure the penetration resistance at regular
time intervals, since the casting of mortar has been finished
immediately. After obtaining the relation of the penetration
resistance with time, the initial and final set were determined;
the initial and final setting timewere taken as the time of pen-
etration resistance reaching 3.4 and 27.5MPa, respectively.
Also, the temperature of fresh concrete was measured at the
time of initial set by a thermocouple.

2.2. Chloride Profiling. Mortar discs (Ø100 × 50mm) were
cast and cured in a wet chamber for 56 days to secure a
hydration degree enough to gain the strength, of which all the
surfaces were subsequently coated by a polymer-based resin
except one surface for one-dimensional chloride penetration.
After immersing the specimens in a 4.0M NaCl solution for
100 days at 20± 2∘C, the profile of free chloride inmortars was
achieved by grinding the surface with 5mm increments. Free
chloride contents in each sample were measured by the water
extraction method in 50∘C deionized water, followed by the

potentiometric titration against silver nitrite. By substituting
the measured chloride concentration with error function
solution from Fick’s second law, an apparent diffusion coeffi-
cient and the surface chloride concentrationwere determined
as follows:

𝐶 (𝑥, 𝑡) = 𝐶𝑠 [1 − erf 𝑥2√𝐷𝑡] , (1)

where, 𝐶(𝑥, 𝑡) is chloride concentration at depth 𝑥 after time
𝑡 (%/m3), 𝐶𝑠 is surface chloride concentration (%/m3),𝑥 is
depth (mm),𝐷 is apparent diffusion coefficient (m2/s), and 𝑡
is time of exposure (s).

2.3. Chloride Binding Capacity. Cement pastes were cast in
a 50mm cube mould at 0.4 of a free W/C, containing eight
levels of chlorides: 0, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0%weight
by cement.The specimenswere cured for 56 days bywrapping
in a polythene film to prevent a leaching-out of ions from
the cement paste, which would otherwise occur in a wet
curing. Then, the specimens were dried in oven at 50∘C for
24 hours, ground/crushed in a mill, and then passed through
a 300 𝜇m sieve to collect dust samples. The dust samples
were diluted in 50ml of distilled water at 50∘C and stirred
for 5min. Then a further 30min of standing was applied to
reach a chemical equivalent, followed by being filtered out by
filter papers to obtain a solution containing chlorides then
to determine the concentration of water-soluble chloride in
each sample, as being regarded as free one. Once free chloride
content was determined at a given total, the relation between
free and bound chloride was achieved in terms of the binding
isotherm : the concentration of bound chloridewas defined as
the concentration of chlorides subtracted free from the total
one.

To ensure chemical byproducts (i.e., Friedel’s salt) after
the reaction of chlorides in the cement matrix, the XRD
analysis was simultaneously performed. Ground cement
paste containing 1.0% chloride was used representatively.
The D/MAX-2500 model was employed and the diffraction
pattern was performed in the range of 6–60∘ (2𝜃) at 0.1∘/sec
scanning rate for a 30 kV voltage.

2.4. Examination of Pore Structure. To verify the distribution
of pores with the content of C

3
A, the porosity of mortars

containing different levels of C
3
A was measured by the

mercury intrusion porosimetry. To remove the pore solution
remaining in mortar, the mortar sample was dried in oven at
50∘C and immersed in acetone. Then, the mortar fragment
obtained from the middle of the specimen was placed in a
vacuum chamber to evacuate up to about 50 𝜇m mercury
(Hg).The low pressure was generated to 0.21MPa by nitrogen
gas, and then the pressure was gradually increased to 117.21 ×
103MPa at the rate of 9.1 × 103 kPa/s. The pore diameter at a
given pressure was calculated by the Washburn equation as
given in (2). Then, the pore volume distribution versus pore
diameter was achieved in an accumulated curve.

𝑑 = −4𝛾 cos 𝜃𝑃 , (2)

where 𝑑 is pore diameter (m), 𝛾 is surface tension (N), 𝜃 is
contact angle (∘), and 𝑃 is pressure (MPa).
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Figure 1: Development of compressive strength of mortar at
different C

3
A content in cement.

3. Results

3.1. Fundamental Properties. A development of the compres-
sive strength for mortars containing different C

3
A content

in Portland cement was measured at 7, 28, and 56 days, as
given in Figure 1. As expected, all the compressive strength
increased with time, irrespective of C

3
A content. It is evident

that the rate of strength development is strongly dependent
on the C

3
A content in cement; an increase in the C

3
A content

resulted in an increase in the compressive strength at all
ages. In particular, the mortar specimen containing 16.9% of
C
3
A in cement clinker indicated a quite high strength at an

early age, of which the value accounted for about 36.7MPa
at 7 days. However, at exceeding 28 days, the compressive
strength was present in the range of 39.0–41.3MPa, as being
in a small increase. In turn, the mortar specimen with the
lowest C

3
A content in cement imposed the lowest strength,

which exceeded, however, 30.7MPa at 7 days and then
reached 36.3MPa at 56 days. The influence of C

3
A content

on the strength at an early age may be attributed to the set
of C
3
A into the form of insoluble calcium sulfoaluminate

(3CaO⋅Al
2
O
3
⋅3CaSO

4
⋅31H
2
O). In fact, the strength at an early

age is mostly equivalent to the strength of C
3
A rather than

silicates (C
3
S, C
2
S), which would be subsequently raised by

activated silicate crystal lattice in the presence of Al
2
O
3
[9].

The influence of C
3
A on setting and hardening of fresh

concrete is very crucial. As seen in Figure 2, the penetration
resistance of fresh mortar obtained immediately after casting
was strongly dependent on the C

3
A content in cement

clinker; an increase in the C
3
A in cement resulted in a

rapid hardening. For example, the fresh mortar specimen
containing 16.9% of C

3
A was hardened at 78min for the

initial set and 202min for the final, while mortar containing
6.0% of C

3
A indicated 254min and 434min of the initial
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Figure 2: Setting time of different C
3
A containing binder measured

by penetration resistance of fresh concrete (initial set: 3.43MPa; final
set: 27.46MPa).

and final sets, respectively. Apart from C
3
S, significantly

attributed to early setting and hardening as well, C
3
A imposes

the formation of AFt phases at fresh state, leading to a
rapid hardening of Portland cement [10]. Substantially, the
accelerated hardening of cement paste arising from the higher
C
3
A may accompany a rapid development of the strength.

However, at a value only exceeding about 10.5% of C
3
A, a

rapid set was observed; at 10.5 and 6.0% of C
3
A in cement

clinker there was only a marginal difference in the setting
time of fresh concrete. It is notable that the heat generation
in hydration of fresh concrete was strongly dependent on
C
3
A content. At 16.9% of C

3
A, the temperature at the initial

set accounted for 87∘C, while other level of C
3
A produced

a lower temperature, ranging about 63-64∘C. This may arise
from a rapid setting and hardening of fresh concrete, leading
to densifying the cement matrix.

3.2. Chloride Transport. Figure 3 shows chloride profiles
for the mortar exposed to a 4.0M NaCl solution for 100
days, measured in water- and acid-soluble concentrations
(i.e., mostly identical to the free and total concentration of
chlorides) at each depth with increments of 2.0mm. Then,
the apparent diffusion coefficient of chlorides in mortar
was calculated by Fick’s second law. It is evident that an
increase in the C

3
A content resulted in an increase in the

ingress of chloride at every depth, presumably implying that
increased chloride binding capacity in terms of the C

3
A

content may accelerate the rate of chloride transport at a
given exposure condition. In particular, the surface chloride
concentration was strongly related to the C

3
A content in

cement clinker, at a lower C
3
A content; for example 6.0%

of the C
3
A indicated 0.96 and 1.85% of the surface chloride
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Figure 3: Chloride profiles for mortar with different C
3
A content after 100 days of exposure to 4.0M NaCl solution.

at water- and acid-soluble chlorides, respectively. At 16.9%
of the C

3
A content, the surface chloride was dramatically

increased up to 2.14 and 3.64% at water- and acid-soluble
chlorides, respectively. It may be attributed to the chemical
balance at chlorides in the vicinity of the interfacial region
between concrete and water-based media (salt solution). As
the higher C

3
A content imposes the increased binding of

chloride ions on the surface of concrete, more chlorides
would percolate to meet the equilibrium of chloride gradient.
Thus, the mobility of chlorides would increase with the
chloride binding capacity so that more free chlorides could
be accumulated on the surface of concrete, thereby increasing
substantially both the free and bound chlorides.

The diffusivity of chloride ions in concrete was strongly
affected and, in fact, increased by the C

3
A content. For

bothwater- and acid-soluble chlorides, the apparent diffusion

coefficient for 6.0% of the C
3
A content was ranked at the low-

est range, accounting for 5.22 × 10−12 and 5.81 × 10−12m2/s,
respectively. At exceeding 10.5% of the C

3
A content, however,

the apparent diffusion coefficient was not much affected,
indicating about 6.32 × 10−12 and 9.66 × 10−12m2/s for
water- and acid-soluble chlorides, respectively. The influence
of C
3
A content on the chloride diffusivity in concrete may

be ascribed to either the pore structure or chloride binding
capacity. The C

3
A content governs the hydration process and

rate, which would subsequentlymodify the pore distribution,
in particular, capillary pores. At the high C

3
A content,

hydration and hardening may be accelerated at an early
age then to densify the pore structure, as long as hydration
heat is restricted to the range of no generation of thermal
crack. Otherwise, increased chloride binding capacity, arising
from the higher C

3
A content, would enhance the gradient
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of chloride concentration at depths, thereby leading to an
increase in the rate of chloride transport in a diffusion-driven
environment.

3.3. Chloride Binding Capacity and XRD Analysis. Chloride
binding capacity, defined by the ratio of content of bound to
free chloride, at different C

3
A contents in cement clinker was

described by the Langmuir isotherm, as given in Figure 4.
The cement paste containing chlorides ranging from 0.0
to 3.0% by weight of cement was cured for 56 days and
then water- and acid-soluble chloride concentrations in
the paste were measured by the titration method against
silver nitrate. As expected, an increase in the C

3
A content

results in an increase in the binding capacity at a given
chloride concentration in cast. However, the chloride bind-
ing capacity was not proportionally increased to the C

3
A

content, because the contribution of C
3
A in reacting with

chlorides is limited. In fact, there are other hydration phases
reacting with chloride ions to immobilize them, such as
C
4
AF, precipitatedCa(OH)

2
, andC-S-Hgel. Chlorides chem-

ically reacted with hydrations (C
3
A, C
4
AF) are insoluble,

immobile in the pore solution after forming Friedel’s salt,
which have been therefore regarded as an inhibitive nature
with no acidification of the cement matrix. Chloride ions
are simultaneously adsorbed on the surface of hydration
products such as precipitatedCa(OH)

2
, whichmay be usually

water-soluble depending on the temperature, duration of
immersion in water, and the fineness of cement paste. To
avoid dissolution of adsorbed chloride in the process of
titration, the temperature and immersion in water were
restricted. Thus, chlorides adsorbed in the hydrations were
also taken as bound ones. It is notable that the concentration
of bound chloride was rapidly increased up to 1.0% of free

chlorides, while the chloride binding capacity was reduced
beyond this range; the concentration of bound chloride was
marginally increased with free chlorides at a given total,
irrespective of the C

3
A content. This may be attributed to

limited binding capacity of the cement matrix in Portland
cement, due to a small margin in the amount of hydration
products (i.e., C

3
A, C
4
AF, precipitated Ca(OH)

2
, and C-S-H

gel) related to the chemical reaction with chloride ions.
The XRD curve for pastes containing 1.0% chlorides at

different C
3
A contents is given in Figure 5. It is evident that

the peak intensity and location for hydration products were
mostly identical between the three Portland cement, implying
that there was marginal difference in forming hydrations:
alite, belite, calcite, and portlandite. However, the variation
in the peak intensity at 11.2–11.4∘ of 2𝜃 was observed, where
Friedel’s salt is identified. It suggests that the concentration
of bound chloride is dependent on the C

3
A content: in fact,

an increase in the C
3
A content resulted in an increase in

the intensity of the peak at 11.2–11.4∘. Despite limited use
of the XRD analysis in a qualitative measurement, the peak
intensitymay indicate a relative concentration or/and amount
of inorganic hydration products between different samples at
the same setup of the XRD. Substantially, it can be said that an
increase in the C

3
A content results in an increase in Friedel’s

salt.

3.4. Pore Structure. The pore size distribution of mortar
containing different C

3
A contents in cement was measured

by the MIP, as shown in Figure 6. It was seen that an
increase in the C

3
A content resulted in a decrease in the

total porosities; for example, total pore volume for 6.0, 10.5,
and 16.9% of C

3
A content accounted for 0.164, 0.143, and

0.119ml/g, respectively, due to a significant reduction in
the large capillary pores, of which the range is equated to
0.1–1.0 𝜇m. The reduction of the pore volume in increased
C
3
A may be attributed to filler effect of the hydration

products. In fact, C
3
A and C

4
AF generally occupy smaller

margin for the pores and moreover the interfacial porous
zone within C-S-H gel, while silicates cover up the larger
pores, which subsequently form the C-S-H gel at hydration.
Moreover, a reduction of the C-S-H gel, presumably due to an
overwhelming formation of C

3
A, may accompany a further

reduction of the gel pores and thus the total pore volume.
Apart from the matrix strength, the high C

3
A in cement may

benefit in raising the compressive strength of concrete by a
reduction of pores and porosity in the matrix.

4. Discussion

Conventionally, the C
3
A content in Portland cement clinker

wasmodified from about 6 to 13% at themanufacturing phase
according to the required performance [11, 12]. In Portland
cement, C

3
A content is controlled by adjusting the contents

of Al
2
O
3
up to 12-13% in cement. For example, the OPC type

III may have 17% of C
3
A to accelerate setting and hardening,

while type II and type V contain the lower C
3
A content to

decline the hydration heat during the curing age and prevent
sulfate attack, respectively. Moreover, it has an important
implication on the role of Al

2
O
3
in developing the early
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for the Friedel’s salt.

strength. At a high level of Al
2
O
3
in cement oxides, more

C
3
A would be present in the clinker then to form calcium

sulfoaluminate, thereby leading to a higher strength at an
early age. Simultaneously, silicate activation would further
enhance the strength of concrete [9]. However, the high C

3
A

content in cement may impose flash set or thermal cracking.
C
3
A may increase the chemical reactivity with chlorides

in terms of stabilization of free chlorides into Friedel’s
salt, of which the reactivity in turn affects chloride trans-
port, resulting in the formation of further surface chloride.
According to Glass and Buenfeld [8], the concentration of
chloride in the nearer surface increased with C

3
A content

but decreased deeper in the concrete. An increase in the
surface chloride content would arise from the binding effect,
which allows the progressive build-up of higher total chloride
content at increasing distances from the concrete surface.
Simultaneously, increased C

3
A may alternatively govern the

gradient of chloride ingress at different depths, rather than
pore distribution/network for ionic transport. In the present
study, the higher binding capacity, induced by high C

3
A

content in clinker, leads to a build-up of bound chlorides that
increases the surface chloride. Therefore, it can be presumed
that the promotion of chloride penetration is affected by
the formation of the high gradient of chloride concentration
from the surface. Moreover, the hydration process of over-
whelmingly increased C

3
A may form denser pore structure,

especially at pore size exceeding 0.1 𝜇m, leading to a reduction

of path for ionic transport. It was found that an increase in
C
3
A content in cement resulted in a decrease in the total

pore volume, which would provide paths of chloride ions
to transport. The decrease of large size pore may reduce air
void in concrete, which blocks the ionic transport due to
the absence of water. Furthermore, the critical path of ionic
transportmay be shortened by reduction of tortuosity of pore
structure. Thus, the increase of C

3
A gives rise to a rapid

chloride transport by both progressive build-up of chloride
from concrete surface and shortening of ionic transport path.

Apart from hydration process, the reactivity of C
3
A with

chloride ions in the concrete pore solution often forms crys-
tallised salt in terms of Friedel’s salt, which could remove, in
fact, chlorides from the pore solution and thus not participate
in the corrosion process. Thus, a high concentration of C

3
A

is regarded as an inhibitive nature against chloride-induced
corrosion of steel in concrete. For example, sulfate resisting
Portland cement (Type V) with a lower concentration of
C
3
A, usually ranging within <5.0%, has increased corrosion

reactivity; Page et al. [13] showed that the steel in sulfate
resisting Portland cement concrete had a very high corro-
sion current, accounting for several hundred mA/m2, while
ordinary Portland cement indicated the passivity. Thus, it
is advised not to use sulfate resisting Portland cement in a
marine environment to avoid unnecessary risk of the steel
corrosion. Moreover, in the majority of the previous studies,
the benefit of high C

3
A cement was confirmed by their lower
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corrosion rate in a beaker test and in turn a higher chloride
threshold level for steel corrosion [14].

5. Conclusion

In this study, the influence of C
3
A concentration in cement

clinker on development of the compressive strength and
chloride transport was investigated. Simultaneously, the pore
structure and chloride binding capacity were experimented
to explain the rate of chloride transport with C

3
A content in

cement.The conclusion derived from the experimental study
is given as follows:

(1) An increase in theC
3
Acontent in cement resulted in a

dramatic decrease in the setting time and an increase

in a development of the compressive strength at a
given age, presumably due to accelerated hardening
process. Simultaneously the temperature of fresh
concrete was more or less affected by the content of
C
3
A.However, no thermal cracking was not observed

for all specimens, irrespective of C
3
A content.

(2) The rate of chloride transport was assessed by an
exposure test in terms of diffusion of chloride ions.
The ingress of chloride in the higherC

3
Aconcretewas

significantly higher in the vicinity of concrete surface,
due to increased chloride binding capacity, which
would lead to build up of a higher chloride at a given
free chloride on the surface. Due to increased chloride
ingress, the diffusion coefficient was increased by
C
3
A, arising from the higher gradient of chloride

concentration.
(3) However, the higher C

3
A in cement may be beneficial

in forming denser pore structure. An increase in
the C

3
A resulted in a decrease in the pore volume.

As the hydration of C
3
A is related to a formation

of expansive ettringite, the higher C
3
A in cement

substantially produced the denser pore structure.
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In Korea, a large scale national project (Saemangeum Project) has been underway that requires a huge amount of dredged soils
and their reclamation. Although a lot of dredged soil is needed for reclamation, only about 10% of the dredged soil is used. For
this reason, much effort should be made to extensively use the dredged soil. The objective of the study is to find reasonable ways
of improving the dredged soils in the Saemangeum area so that they can be used for vegetation of land plants. In order to develop
ameliorating methods, we treated silty sand samples, the representative dredged soil of Saemangeum, with mountain soil (0% and
30%), sawdust fertilizer (0% and 6%), bioameliorant (0% and 6%), and coffee sludge (3%, 6%, and 9%), measured the germination
rate of bent grass, and applied the lab experiment results to the field for validation. As a result, it was verified that when a mixture
of coffee sludge and sawdust fertilizer was used, the chemical and physical properties of dredged soil were significantly improved.
This implies that the beneficial use of the dredged soil can be facilitated.

1. Introduction

(1) Background and Objective. Seventy percent of the Korean
land is composed of mountains, which makes available
land area very small compared to the population density.
Therefore, it is essential to efficiently use and expand the land.
For this reason, Korea has carried out large-scale dredging
projects to develop coastal and marine spaces, to construct
and redevelop ports, and to secure fairway depth, resulting in
a huge amount of dredged soil. However, there has been no
known method for using this dredged soil.

Currently, the treatment of dredged soil mostly relies on
landfill or offshore dumping. This results in various adverse
effects on the environment, such as coastal environment
damage, degradation of fisheries, and even pollution by heavy
metals from the contaminated dredged soil. In order for the
ground reclaimed with dredged soil to be used as vegetation
soils, it should be covered with at least 30 cm of outside soil,
causing huge economic and environmental losses.

Bringing in the outside soil creates environmental prob-
lems in the processes of collecting, transporting, and apply-
ing the soil and thus increases indirect expenses such as
transportation costs and land compensation costs in securing

the soil. Excessive efforts for securing the soil may result in
secondary environmental damage (Yoon and Bae [1], Park et
al. [2]).

The objective of the study is to come up with reasonable
ways of improving the dredged soils in the Saemangeum
area so that they can be used for vegetation of land plants.
Untreated dredged soils and dredged soils treated with
mountain soil (0% and 30%), sawdust fertilizer (0% and 6%),
bioameliorant (0% and 6%), and coffee sludge (3%, 6% and
9%) were compared in the laboratory test. Based on the
laboratory test results, a field test was carried out to verify the
effects of the dredged soil on vegetation.

(2) Previous Studies. Much interest has been given to dredged
soil recycling since the 2000s and several studies have been
conducted by some researchers (Koo et al. [3], Kim [4], Ryu
[5], and Ann [6]). However, the study of recycling dredged
soil is at the very basic stage, and most of the research for
developing vegetation soils is based on the use of sewage
sludge and aggregate byproducts (Kim [7]). For the domestic
dredged soil in Korea, about 80% is dumped to the dumping
ground and 9% is dumped to offshore dumping grounds,
leaving only 10% for landfills or other usages.
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Table 1: Physical properties of soils used in the study.

Classification 𝐺
𝑠
𝑊
𝑛
(%) # 200 (%) 𝑟

𝑑max (g/cm
3) OMC (%) LL PL PI U.S.C.S

Sample A (dredged soil) 2.583 19.3 27.47 1.505 18.07 NP NP NP SM
Sample B (dredged soil) 2.607 23.05 27.85 1.548 19.01 NP NP NP SM
Loess (mountain soil) 2.845 14.60 40.82 1.795 15.97 31.11 25.35 5.76 ML

For other countries, various dredged soil improvement
methods have been developed and used for the marine
environment restoration projects (Teal and Weishar [8],
Chiellini et al. [9], Derbyshire and Mellors [10], Ruiz Diaz et
al. [11], andMulligan et al. [12]). Regardless of the dredged soil
utilization, habitat development projects have been actively
promoted and recently recycling of the dredged soil has been
carried out as well (Yoon and Cho [13]). Also, in terms of
utilization of the dredged soil, other countries’ ratio of coastal
or foreign offshore dumping is only 60%while approximately
40% is used for the land or wetlands in their countries, which
is about 30%higher thanKorea’s dredged soil utilization ratio.

Lee et al. [14] claimed that plant growth is influenced
by the soil texture (physical composition of the soil) as it
is related to breathability, water holding capacity, nutrient
absorption capacity, void volume, moisture content, and
cohesiveness. As soil is a general product that is affected
by climate, topography, vegetation, time, water, and anthro-
pogenic interferences, it is possible to understand the vegeta-
tion characteristic of an area by examining the soil environ-
ment of the area.

According to the previous studies (Yoon andCho [13], Lee
et al. [14]), when typical vegetation is planted in the soil with
a good degree of ventilation and water holding capacity, its
growth is affected by the moisture content and the organic
matter contained in the soil. However, when it is planted in
the soil with a poor texture, it is difficult to form a good
vegetation community. Therefore, the types of plants grown
should be changed depending on the soil properties.

Yoon [15] claimed loess as the best soil for vegetation of
plants among 60 types of soils on the Earth’s surface, because
it has fine particles, contains a lot of oxygen for excellent
purification capacity, and contains about 200 million live
microorganisms per spoon that can stimulate a large variety
of enzymes to purify the soil.

2. Properties of the Materials Used

2.1. Material Used in the Test

2.1.1. Properties of Saemangeum Dredged Soils and Mountain
Soil. Figure 1 exhibits the location of Saemangeum where
the dredged soils used in the study were collected. As shown
in Figure 1, Saemangeum is located on the west coast of
Korea. Saemangeum Project is a national project in Korea to
develop a new area as the next economic hub of North Asia.
According to the SaemangeumDevelopment and Investment
Agency (SDIA), through this project, 283 km2 of new land
is to be reclaimed and 118 km2 of lake was created after
the construction of the world’s longest 33.9 km sea dike
connecting Saemangeum and Buan on the west coast of

Figure 1: Location of Saemangeum in Korea.

Korea. Since a lot of soil is needed for reclamation for this
project, a new method of utilizing of the dredged soil is
necessary.

In order to examine the chemical and physical properties
of the dredged soils sampled at Saemangeum Section 3 and
those of mountain soil, the following tests were conducted
in accordance with Korea standard tests: the particle size
test (KS F 2302), the moisture content test (KS F 2305),
the hydrometer test (KS F 2302), the specific gravity test
(KS F 2308), and the liquid/plastic limit test (KS F 2303,
4). Table 1 shows physical properties of the Saemangeum
dredged soils (Samples A and B) and the mountain soil.
Both Samples A and B were classified as SM (silty sand),
and the mountain soil was classified asML (low compressible
silt), according to the Unified Soil Classification System
(USCS).

2.2. Analysis of the Chemical and Physical Properties of Sae-
mangeum Dredged Soils and Coffee Sludge. As the dredged
soil from the sea contains generally excessive salt concen-
tration for the growth of land plants, it should be generally
used for embankment construction after being left untreated
in nature for a certain period of time. For this reason, in
order to investigate the differences in plant germination
characteristics depending on the period that the dredged soil
was left untreated, the dredged soil left untreated about a year
after dredging was taken as Sample A, and the dredged soil
collected right at the field (immediately after dredging) was
used as Sample B for laboratory tests.
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Table 2: Physical and chemical characteristics of the Saemangeum dredged soils and coffee sludge.

Classification pH Organic content
(%)

Available phosphate
(mg/kg)

Salt concentration
(%)

Electric conductivity
(dS/m)

Sample A 7.55 1.220 12.732 0.070 1.099
Sample B 7.28 0.468 10.171 0.747 11.669
Coffee sludge 6.59 37.007 246.597 0.711 11.102
Arboreal Growth
Condition 5.5–6.5 3.00 more 100 more 0.05 less 0.4 less

Table 3: Mixing ratios of the typical materials for improving the dredged soil.

Sample Classification Seed
Soil conditions

Dredged soil
(%)

Loess
(%)

Bio ameliorant
(%)

AC ameliorant
(%)

Sawdust
(%)

Saemangeum
Sample A
Sample B

Untreated

Grass

100 0 0 0 0
Bio 6% 100 0 6 0 0
AC 6% 100 0 0 6 0

Sawdust 6% 100 0 0 0 6
Mountain soil 50% 50 50 0 0 0

Mountain soil 50% + bio 6% 50 50 6 0 0
Mountain soil 50% + AC 6% 50 50 0 6 0

Mountain soil 50% + sawdust 6% 50 50 0 0 6

Table 2 presents the physical and chemical characteristics
of the Saemangeumdredged soils and coffee sludge. As shown
in Table 2, the physical and chemical characteristics of the
dredged soils do not meet the standard values (suggested by
Korean National Institute of Forest Science) for the arboreal
growth condition, implying that the dredged soils should be
improved. Note that the salt concentration of Sample A is
about 10 times lower than that of Sample B. This indicates
that it takes about a year for the dredged soil to be used as
a vegetation soil.

Over the past years, coffee has remarkably gained its
popularity in Korea. About 225 tons of coffee sludge gener-
ated from coffee shops every day in Korea is commissioned
to be treated as general waste (Yoo [16]). Therefore, the
need for research for utilizing the coffee sludge has been
increasing. Several studies on the use of coffee sludge for
heavymetal control reported that the dredged soil containing
a large amount of chrome and cadmium could be efficiently
controlled with the coffee sludge (Kim and Shin [17], Lee et
al. [18]). In addition, they also investigated the possibility of
controlling the potential releaching of heavy metals from the
mixture of sewage sludge and quicklime due to a high pH,
using the coffee sludge.

In this study, as the beneficial use of coffee sludge
has been increasingly needed, coffee sludge was used to
improve growth conditions of the dredged soils that are
not suitable for the growth of land plants. As shown in
Table 2, the results of its physical and chemical properties
confirm that it meets several items in arboreal growth
conditions and thus could be used as an organic material for
arboreal growth. In particular, it is noteworthy that coffee
sludge has high percentage of organic content and available
phosphate.

3. Laboratory Experiment

Due to the lack of studies of plant growth characteristics using
typical land plants, the focus was placed on improving the
physical and physicochemical properties of the dredged soils.
Also, considering the anticipated timing of field test, grasswas
selected as the test seed as it could germinate even in late fall
(October-November).

Since limited research data are available on Saemangeum
dredged soils, different mixing ratios of the materials were
used to evaluate the effect ofmixing ratios on the germination
of the dredged soils. The amount of samples was determined
based on dry unit weight (𝑟𝑑) in a pot with the dimension of
D5 (cm)×H5 (cm), with a relative density (𝐷𝑟) of 60%.While
the dredged soil was being left alone in nature, the samples
were watered once after being set and completely dried for
two days and then the same process was repeated one more
time to simulate the change in the salt concentration in the
field caused by rain, snow, and wind. Seeds were soaked in
water for 24 hours before being sown and 20 seeds were used
for each case.

Figure 2 shows a view of the laboratory experiment and
Figure 3 shows a view of the greenhouse made for the exper-
iment. As shown in Section 3, the experiment was conducted
outdoors after the samples were set to create an environment
similar to the field test. In addition, a greenhouse was made
with plastic film to maintain temperature and moisture
and protect the cases from environmental harms, shown in
Figure 3.

Table 3 presents the mixing ratios of typical materials
such as mountain soil, sawdust fertilizer, and bioameliorant
for improving the dredged soil. The mixing ratios of these
materials were determined based on the weight of dredged
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Figure 2: View of laboratory experiment.

Figure 3: Making of a greenhouse with plastic film.

soil +mountain soil as 100% for the convenience of determin-
ing the weight of mixture for future field tests. Bioameliorant
(patent ameliorant) is generally used in Korea for improving
the dredged soil with high salt concentration for vegetation
purpose. Sawdust fertilizer is usually used for better seeding
for slope stabilization. Table 4 shows the mixing ratios of
coffee sludge for improving the dredged soil. In order to
ensure the reliability of the result of laboratory tests, four
specimens were made for each mixing ratio.

4. Results of the Dredged Soil
Ameliorator Test

4.1. Germination Rate Test. Germination rate can be defined
as the ratio of the number of the seeds that germinate
to the number of the total seeds. Figures 4 and 5 show
the germination rates of Samples A and B with various
mixing ratios, respectively. As shown in Figures 4 and 5,
the germination rates of the grass seeds were about 30–50%
higher in the cases using both bioameliorant and sawdust
fertilizer compared to that for the untreated case. When the
50%mountain soil was mixed with the 50% dredged soil, the
germination rates generally increased compared to thosewith
100% dredged soil for most of the cases. This is because the
mountain soil, loess, offers a favorable condition for plants to
grow well, as reported by Yoon [15].

Interestingly, the germination rate of the case with saw-
dust 6% was higher than that with mountain soil 50% +
sawdust 6%. Although the 100% dredged soil was used with
the 6% sawdust, the germination rates of both Samples A and
B were the highest among all the cases. This finding is very
encouraging in improving the dredged soil. The germination
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Figure 4: Grass germination rate measured from Saemangeum
Sample A for typical materials.
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Figure 5: Grass germination rate measured from Saemangeum
Sample B for typical materials.

rate in the AC ameliorator was similar to that of the untreated
soil or lower than that of the untreated soil. This is due to the
fact that AC ameliorator’s extremely small particles reduced
voids in the dredged soil and its high strong base (pH 9–11)
inhibited germination.

Figure 6 shows the germination rates for Sample A with
coffee sludge. As shown in Figure 6, the germination rate
increased with an increase in the ratio of coffee sludge.When
the 30% mountain soil was used instead of the 30% dredged
soil, the maximum germination rate increased significantly.
It is observed that when compared to the untreated case, the
germination rate of the case with coffee sludge increased by at
least 20% or more. Also, as shown in Figure 7, it is confirmed
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Table 5: Result of chemical and physical analysis of Saemangeum Sample A after the test.

Classification pH Organism
(mg/kg)

Available
phosphate
(mg/kg)

Salt
concentration

(%)

Electric
Conductivity

(ds/m)
Total nitrogen

Sample A 8.48 0.755 11.618 0.085 1.328 92.459
Bio ameliorant 6% 7.19 1.030 187.316 0.445 6.960 152.654
Sawdust 6% 7.80 2.022 110.932 0.029 0.455 216.547
Mountain soil 30% 8.04 3.935 9.283 0.017 0.266 485.264
Mountain soil 30% + bioameliorant 6% 6.95 3.267 93.352 0.544 8.501 359.495
Mountain soil 30% + sawdust 6% 7.55 3.845 52.968 0.027 0.426 492.661
Mountain soil 30% + sawdust 6% + Coffee
sludge 9% 7.65 11.532 78.381 0.037 0.581 1829.117

Arboreal growth condition 5.5–6.5 3.00 more 100 more 0.05 less 0.4 less 200 more
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Figure 6: Grass germination rate measured from Saemangeum
Sample A for coffee sludge.

that the increase rate of the germination ratewasmuch higher
by using coffee sludge compared to that by using mountain
soil.

4.2. Weight Measurement. Figures 8 and 9 display the plant
growth for SamplesA andBdepending on differentmaterials,
respectively, and clearly show that adding ameliorators to
the dredged soils allows better growing of the plants. When
the weights of plants were measured 15 days after seeding,
they varied with the ameliorators used for treatment in both
Saemangeum Samples A and B, as shown in Figures 10 and
11. Plants grown in the soil treated with bioameliorant and
sawdust fertilizer appeared to be 1.5–3 times heavier than
those grown in the untreated soil. However, the difference
between the weights of plants grown in these two ameliora-
tors was not significant. Plants grown in the soil treated with
AC ameliorator appeared to be lighter than those grown in
the untreated soil.
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Figure 7: Comparison of germination rates between coffee sludge
and mountain soil.

4.3. Results of the Posttest Chemical and Physical Analysis
of Sample A. Table 5 shows the result of chemical and
physical analysis of Saemangeum Sample A after the soil
conditioning test. The samples were taken from the case in
dry condition after the test was completed (15 days after
seeding) and analyzed for chemical and physical properties.
The result showed that the samples from the sawdust fertilizer
+ coffee sludge mixture case had very similar properties to
the arboreal growth condition. This implies that the dredged
soil can be suitable for arboreal growth if its soil salinity is
controlled through irrigation and drying processes and coffee
sludge and sawdust fertilizer are mixed into it.

It was observed that when coffee sludge took 9% or more
of the mixture, light and fine particles drifted up during
irrigation and covered the case surface. Oil contained in the
coffee sludge helped extend the moisture retention inside the
sample. But when covering the surface of the case, it blocked
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Figure 8: Plant growth for Sample A.

Non Bioameliorant AC ameliorant Sawdust

Figure 9: Plant growth for Sample B.
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Figure 10: Weights of the grasses of Saemangeum Sample A.

oxygen that needed to be transmitted into the case, resulting
in the delay of germination.

5. Field Test

5.1. Preparation for the Field Test. The field test was set
up in Saemangeum Section 3. Total area of the test site
was 284m2, where two 10m × 10m sections were set up
and 21m × 7m L-shaped 1 : 1 slope was made. Bent grass
(western grass) seeds, the same kind used for the laboratory
test, were used. A total of 10 thousand seeds were sprayed
in a 3mm thickness using the seed spraying method. An
artificial slope was formed before the field test and 25 tons
of dredged soil was placed on the slope right before the
test so that the effects of dredged soil could be properly
reflected.

The field test was originally planned to spray the dredged
soil after mixing it with 3%-crushed straws to prevent the
dredged soil frombeing blown away bywind.However, due to
the field conditions, instead of the crushed straws, strawmats
were placed on top of the dredged soil. Figure 12 shows a view
of pasting seeds by spraying after the surface was prepared,
and Figure 13 shows a sheet of plastic film applied tomaintain
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Table 6: Mixing ratios for the field test.

Classification Seed Soil conditions
Dredged soil (%) Loess (%) Coffee sludge (%) Straw (%) Sawdust (%)

1

Grass

100 0 0 0 0
2 100 0 6 3 0
3 100 0 6 3 4
4 100 0 6 3 4
5 80 20 0 0 0
6 80 20 6 3 0
7 80 20 6 3 4
8 80 20 6 3 4
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Figure 11: Weights of the grasses of Saemangeum Sample B.

temperature and moisture. Table 6 presents the mixing ratios
for the field test.

5.2. Field Test Results. Figure 14 is a view after the snow-
removal work. OnDecember 1, 2014 (21st day of the field test),
30 cm of snow fell and thus snow-removal work was carried
out the next day. At that time, it was confirmed that sample
populations had decreased drastically. Figure 15 is a view of
the test field on February 27, 2015 (110th day of the field test):
(1) is a view of the untreated section and (2) is the section
treated with coffee sludge.

Figure 16 is a view of the untreated section on the 180th
day of the field test, and Figure 17 is the section treated with
coffee sludge.

5.3. Evaluation of the Germination Rate. There was limitation
in counting the number of germinated plants. So, sections
of 50 cm × 50 cm size were selected for each sample in
the part where the highest germination rate occurred, and
the coverage of those sections was measured with the same
concept as the germination rate at an interval of two weeks.
Figure 18 shows the grass coveragemeasured. For the sections
treated with coffee sludge, the initial germination rate (on
the 14th day of the field test) was measured as 50% but the
coverage measured after the second interval (28th day of
the test) was as high as 90%. After a heavy snow fall of
30 cm in Saemangeum area on the 30th day of the field test,

Figure 12: View of pasting seeds by spraying.

Figure 13: Plastic film application for the field test.

many samples in the untreated section were lost and their
population decreased drastically.The surface in the untreated
section might have been removed by natural phenomena
(rain, snow, wind, etc.) between the first measurement (14th
day of the test) and the secondmeasurement. However, when
coffee sludge was added to the untreated section and then
the section was covered with straw mats, the decrease of
populations became slower.

5.4. Weight Measurement. Samples of grass in the dimension
of 25 cm × 15 cm were taken from the slope on the 117th day
of test. After being washed to get rid of the soil and other
remnants, only plants were collected andmeasured forweight
after seven days of natural drying. As shown in Figure 19,
the weight of the sample in which only sawdust fertilizer
was mixed was not significantly different from that of the
untreated sample.However, theweight of the sample inwhich
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12

Figure 14: View of the field test site on the 21st day of test.

12

Figure 15: View of the field test site on the 110th day of the field test.

coffee sludge was mixed was three times heavier than that of
the untreated sample.

When coffee sludge was mixed into the dredged soil,
oil contained in the coffee sludge helped the mixture retain
moisture even during the dry winter season, causing the
delay in growth rate. But, at the same time, it helped the
grass sown in the coffee sludge and dredged soil mixture
grow for a longer period compared to those in other
cases.

5.5. Analysis of Chemical and Physical Properties. Samples
of grass in the dimension of 25 cm × 15 cm were taken
from each treated soil mixture and were analyzed for
their chemical and physical properties. Table 7 shows a
result of the analysis of chemical and physical properties
of samples after the field test. For the untreated dredged
soil, it was confirmed that there was rarely any organic
content (0.277%) and remarkably low cation exchange capac-
ity (CEC), electrical conductivity (EC), and total nitrogen
(TN). The reason why salt concentration was low compared
to what had been expected was natural phenomena like
frequent rains and snows during the test. Therefore, it was
determined as results of two times’ watering and completed
dry.

For the samples with the dredged soil mixed with coffee
sludge, it was confirmed through the field test that pH was
reduced due to slightly acidic nature of the coffee sludge.
Due to the coffee sludge’s own salinity, the salt concentration
became higher than the untreated samples. Except for that,
all other items appeared to be higher than the required
condition.

Figure 16: View of the untreated section on the 180th day of test.

Figure 17: View of the section treatedwith coffee sludge on the 180th
day of the field test.

6. Summary and Conclusions

This study aimed at improving the Saemangeumdredged soils
that can be used for vegetation purpose, and the following
conclusions can be drawn:

(1) The Saemangeum dredged soils were classified as
SM. However, the results of chemical and physical
analysis showed that all itemswere significantly below
the arboreal growth conditions. This implies that the
dredged soil must be improved through conditioning
with appropriate materials.

(2) The test result showed that the case treated with
bioameliorator and sawdust fertilizer had about
30–50% higher germination rate than that of the
untreated case. As the cases treated with sawdust 6%
had a higher germination rate than those of the cases
treated with loess. This implies that it is possible to
increase the recycling of the amount of the dredged
soils using some ameliorators, leading to cost savings.

(3) Themaximum germination rate of the dredged soil in
which the 30% mountain soil was added decreased,
but as the amount of coffee sludge was added to
the dredged soil, the germination rate significantly
increased. This means that coffee sludge is more
efficient in improving the dredged soil compared to
the one using loess.

(4) Based on the analysis of chemical and physical prop-
erties for the samples from the field test, it was
confirmed that meteorological phenomena (snow,
rain, wind, etc.) played a similar role in the field to
what irrigation and complete drying processes did for
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Table 7: Result of the analysis of chemical and physical properties of samples after the field test.

Classification pH Organism
(mg/kg)

Available
phosphate
(mg/kg)

Salt
concentration

(%)

Electric
conductivity

(ds/m)

Total
nitrogen

Saemangeum field sample 8.37 0.789 14.390 0.034 0.537 235.82
Untreated 7.37 0.277 11.328 0.040 0.633 71.26
Sawdust fertilizer 4% 7.23 5.680 14.161 0.148 2.314 350.48
Sawdust fertilizer 4% + Coffee sludge 6% 6.93 22.213 16.976 0.091 1.424 1518.51
Arboreal growth condition 5.5–6.5 3.00 more 100 more 0.05 less 0.4 less 200 more
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Figure 18: Coverage measured during the field tests.
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Figure 19: Weights of grass measured during the field test.

salt concentration in the laboratory test. Therefore,
the possibility of the reduction in salt concentration
through irrigation, drying, and being left alone in
nature was confirmed through the tests.

(5) Light and fine particles of coffee sludge prevented
oxygen permeation by covering the surface and thus
were found to be a factor in inhibiting plant growth.

Though the samples in the field test to which coffee
sludge was added showed a slow initial germination,
frequent snows and rains removed the surface. When
the sampleswere dried for a long period of time, it was
hard to remove the surface and the salt contained in
the coffee sludge itself could be an inhibiting element
for plant growth. For this reason, effective measures
to control this problem are required.
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By using the Base Force Element Method (BFEM) on potential energy principle, a new numerical concrete model, random convex
aggregate model, is presented in this paper to simulate the experiment under uniaxial compression for recycled aggregate concrete
(RAC)which can also be referred to as recycled concrete.Thismodel is considered as a heterogeneous composite which is composed
of five mediums, including natural coarse aggregate, old mortar, new mortar, new interfacial transition zone (ITZ), and old ITZ.
In order to simulate the damage processes of RAC, a curve damage model was adopted as the damage constitutive model and the
strength theory of maximum tensile strain was used as the failure criterion in the BFEM onmesomechanics. The numerical results
obtained in this paper which contained the uniaxial compressive strengths, size effects on strength, and damage processes of RAC
are in agreement with experimental observations.The research works show that the random convex aggregatemodel and the BFEM
with the curve damage model can be used for simulating the relationship between microstructure and mechanical properties of
RAC.

1. Instruction

Recycled aggregate concrete (RAC) is considered as a green
buildingmaterial which can alleviate the pressure of resource
shortage. Since more and more researchers were attracted to
carry out a series of experiments to explore the mechanical
performances of RAC, some classical conclusions have been
made over the micro-, meso-, and macroscales. However,
testing always consumes a large amount of manpower, mate-
rial, and financial resources, and the conclusions made by
different researchers are not very coincident frequently.

Based on the concept of numerical concrete presented
by Wittmann et al. [1], the random aggregate model was
proposed to simulate the failure mechanism of concrete in
recent years. Bažant et al. [2] assumed concrete as two-phase
composites composed of cement mortar and aggregate and
presented the random particle model to simulate the spread
of cracking in concrete. Liu and Wang [3] presented the ran-
domcircular aggregatemodel and simulated thewhole failure
process of concrete under uniaxial tensile by using nonlinear
finite element method (FEM). Zhu and Tang [4] proposed a

new mechanical model to simulate the damage-fracture pro-
cess of concrete under shear loading by using displacement-
controlled FEM. Chen et al. [5] used three-dimensional
random aggregate model to simulate the fracture processes
of damage evolution and the conformation of cracks in dam
concrete. Du et al. [6–9] proposed a mesoelement equivalent
method which is based on random circular aggregate model
to research macromechanical properties of concrete. Later
on, a mesoscale analysis method was applied to the simula-
tion of nonlinear damage and failure behavior of reinforced
concrete specimens by Du et al. [10]. Xiao et al. [11] analyze
the mechanical properties of interfacial transition zones
(ITZs) of RAC by usingmodeled recycled aggregate concrete.

However, the simulation of random circular aggregate
model is more suitable for boulder concrete than crushed
stone concrete. Although some studies on the random convex
polygon aggregate model of concrete were done [12, 13], few
researchers applied the random convex polygon aggregate
model to RAC.

In recent years, a new type of FEM, the Base Force
Element Method (BFEM), has been developed by Peng et al.
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Figure 1: A triangular element.

[14–21]. In this paper, the BFEMon potential energy principle
are used to analyze uniaxial compression characteristics of
different sizes of RAC specimens on mesolevel. In order to
reflect the test conditionmore factually, a new random aggre-
gate model (random convex aggregate model) is presented
for RAC. Meanwhile, this numerical simulation applied the
piecewise curve of damage constitutive model based on the
nonlinear damage mechanics to the destruction judgement
for RACmaterial, and the results of the numerical simulation
conform to the test result.

2. The Model of Base Force Element Method

The concept of base forces was proposed by Gao [22]. The
base forces are used to replace various stress tensors for the
description of the stress state at a point.These base forces can
be directly obtained from the strain energy. By means of the
base forces, the equilibrium equation, boundary condition,
and elastic law are written in very simple forms. For large
deformation problems, the derivation of basic formulae was
simplified.

TheBase Force ElementMethod (BFEM) on complemen-
tary energy principle uses the base forces as fundamental
variables to establish control equations of the novel finite
element method. In the literature [22], Gao gave an new idea
of deriving compliance matrix of an arbitrary polyhedron
element. Peng et al. [21] gave an explicit expression of
the compliance matrix and derived governing equations of
the BFEM on complimentary energy principle using the
Lagrange multiplier method. The new finite element method
based on the concept of base forces was called the Base Force
Element Method by Peng and Liu [14].

The BFEM on potential energy principle uses the dis-
placement gradients 𝑢𝑖 which are the conjugate variables
of base forces T𝑖 to establish control equations of the new
finite element method. Peng et al. [21] derived governing
equations of the BFEM on potential energy principle using
Gao’s thought [22] for a triangular element as shown in
Figure 1. The stiffness matrix of a base force element [21] can
be obtained as

K𝐼𝐽

= 𝐸
2𝐴 (1 + ]) [

2]
1 − 2]m𝐼 ⊗m𝐽 + 𝑚𝐼𝐽U +m𝐽 ⊗m𝐼]

(𝐼 = 1, 2, 3; 𝐽 = 1, 2, 3) ,
(1)

where 𝐸 is Young’s modulus of an element, ] is Poisson’s ratio,𝐴 is the area of the element,U is the unit tensor, expressed as
U = P𝛼 ⊗ P𝛼 = P𝛼 ⊗ P𝛼, 𝑚𝐼𝐽 = m𝐼 ⋅ m𝐽, and m𝐼 can be
calculated from

m𝐼 = 𝑚𝐼𝛼P𝛼 = 1
2 (𝐿𝐼𝐽n𝐼𝐽 + 𝐿𝐼𝐾n𝐼𝐾) , (2)

where P𝛼 is the basic vector and P𝛼 is the conjugate vector
of P𝛼, 𝐿𝐼𝐽 and 𝐿𝐼𝐾 are the length of edges 𝐼𝐽 and 𝐼𝐾 of the
element, and n𝐼𝐽 and n𝐼𝐾 denote the external normal of edges𝐼𝐽 and 𝐼𝐾, respectively.

For the plane stress problem, it is necessary to replace𝐸/(1 − ]2) by 𝐸 and ]/(1 − ]) by ] in (1).

3. Damage Constitutive Model of Materials

Generally, the nonlinear performance of concrete stress-
strain curve can be mainly attributed to the continuous
quasibrittle damage, caused by the initiation and propagation
of microcracks under stress, rather than the plastic defor-
mation of materials. Therefore, the RAC which is composed
by different characteristics of natural coarse aggregate, new
mortar, old mortar, and new and old interfacial transition
zone (ITZ) on mesolevel can be described by the constitutive
relation of elasticity mechanics.

According to the Lemaitre strain equivalent principle
[23], the strain in damaged materials caused by the stress 𝜎
is as equal as the strain in nondestructive materials caused by
the nominal stress �̃�, and its expression is as follows:

𝜀 = 𝜎
𝐸 = �̃�

𝐸 = 𝜎 (1 − 𝐷)
𝐸0 (3)

or

𝜎 = 𝐸0 (1 − 𝐷) 𝜀, (4)

where𝐸 and𝐸0 represent damaged elasticmodulus and initial
elastic modulus, respectively.𝐷 is damage variable.

In order to reflect the damage processes of materials
veritably, the damage degradation of recycled aggregate
concrete is described by the revised piecewise curve damage
model which was first presented by Qian and Zhou [24]. The
revised model is shown in Figure 2, where the damage factor𝐷 can be expressed as follows:

𝐷 =

{{{{{{{{{{{{{{{{{{{{{{{{{{{{{

𝐴1 ( 𝜀
𝜀𝑓)
𝐵1 , 0 ≤ 𝜀 < 𝜀𝑓,

1 − 𝐴2
𝐶1 (𝜀/𝜀𝑓 − 1)𝐵2 + 𝜀/𝜀𝑓

, 𝜀𝑓 ≤ 𝜀 < 𝜀𝑟,
1 − 𝜎𝑟𝐸𝜀 , 𝜀𝑟 ≤ 𝜀 < 𝜀𝑢,
1, 𝜀 ≥ 𝜀𝑢.

(5)

In Figure 2, 𝜎𝑓 is the peak tensile stress of each relevant
element in RAC, and 𝜀𝑓 is the tensile strain corresponding to
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Figure 2: Revised piecewise curve of damage model.

the peak tensile stress.The residual tensile strength is defined
as 𝜎𝑟 = 𝜆𝜎𝑓, 𝜆 being the residual strength coefficient, ranging
from 0 to 1. Accordingly, the residual strain is defined as𝜀𝑟 = 𝜂𝜀𝑓, where 𝜂 is the residual strain coefficient. Ultimate
strain is defined as 𝜀𝑢 = 𝜉𝜀𝑓, where 𝜉 is the ultimate strain
coefficient.

According to (5), when 𝜀 ≥ 𝜀𝑟, macrocrack will appear
and develop till the components damage. 𝐵2 and 𝐶1 are
parameters of curve. 𝐴1, 𝐴2, and 𝐵1 are material constants,
which can be obtained by boundary condition of 𝜎|𝜀=𝜀𝑓 = 𝜎𝑓
and (d𝜎/d𝜀)|𝜀=𝜀𝑓 = 0, and they are expressed as follows:

𝐴1 = 𝐸0𝜀𝑓 − 𝜎𝑓
𝐸0𝜀𝑓 = 1 − 𝐸𝑓

𝐸0 ,

𝐴2 = 𝜎𝑓
𝐸0𝜀𝑓 =

𝐸𝑓
𝐸0 = 1 − 𝐴1,

𝐵1 = 𝜎𝑓
𝐸0𝜀𝑓 − 𝜎𝑓 =

𝐸𝑓
𝐸0 − 𝐸𝑓 ,

(6)

where 𝐸𝑓 is the elastic modulus at the time when strain
reaches 𝜀𝑓.

In this paper, the failure criterion of RAC is the strength
theory of maximum tensile strain, which means 𝜀 in damage
evolution equation is defined as the principal tensile strain of
each element.

4. Random Aggregate Model for RAC

4.1. Random Circular Aggregate Model. In order to obtain
more optimized compaction and macroscopic strength of
RAC, the Fuller grading curve was adopted to simulate the
distribution of the aggregate model in this paper. Based on
this curve, Walraven and Reinhardt [25] translated the three-
dimensional aggregate grading curve into the planer aggre-
gate grading curve which located in the sectional plane of
concrete specimens. The cumulative probability distribution
of different particle diameter of aggregates and the numbers
of circular coarse aggregate particles with various sizes in the
numerical concrete models can be confirmed, respectively.
This simulation chooses 42% as the mass fraction of old

cement mortar in each recycled aggregate; then the thickness
of old cement mortar in RAC can also be figured out.

In this present paper, three dimensions of specimens for
RAC, contained 100mm × 100mm × 100mm, 150mm ×
150mm × 150mm and 300mm × 300mm × 300mm are used
to simulate the uniaxial compression tests.

By the above mentioned method, the three-dimensional
structure is schematized as a plane stress problem and the
simplified sizes of specimens are 100mm × 100mm, 150mm× 150mm, and 300mm × 300mm.

For the specimens of 100mm × 100mm, the numbers of
large aggregate (typical diameter is 17.5mm), middle aggre-
gate (typical diameter is 12.5mm), and fine aggregate (typical
diameter is 7.5mm) in RAC are 3, 9, and 37, respectively.

Analogously, for the specimens of 150mm × 150mm,
the numbers of large aggregate (typical diameter is 35mm),
middle aggregate (typical diameter is 20mm), and fine
aggregate (typical diameter is 10mm) in RAC are 3, 10, and
59, respectively.

For the specimens of 300mm × 300mm, the numbers of
large aggregate (typical diameter is 60mm),middle aggregate
(typical diameter is 30mm), and fine aggregate (typical
diameter is 12mm) in RAC are 6, 21, and 159, respectively.

The random circular aggregate distribution model (pre-
sented in Figure 3) can be generated by Monte Carlo method
which can create the centroid coordinates of all kinds of
coarse aggregate particles randomly.

4.2. Random Convex Aggregate Model. The formation of the
random convex aggregate model for RAC is based on the
random circular aggregatemodel which contained the data of
the aggregate particle diameter, the number of different sizes
of aggregates, and the thickness of old cement mortar.

Firstly, the basic framework of random convex aggregate
can be generated by the internal access polygon of each
aggregate boundary with the centre of circular aggregate
inside.

Based on the basic framework of random convex aggre-
gate, we insert several new vertexes which located in the area
between circular aggregate and convex aggregate to constitute
a newpolygon.Thenew inserted vertex requires the following
conditions to be satisfied:

(a) The new vertex should not be beyond the scope of
specimen.

(b) The newly formed extensional polygon should be a
convex polygon.

(c) The newly formed aggregates have no overlap region
with each other.

Using themethodmentioned above, the two-dimensional
random convex aggregatemodel for RAC (shown in Figure 4)
is translated by the two-dimensional random circular aggre-
gate model.

In this paper, the projection method is applied to the
attribute interval recognition of arbitrary element in RAC
specimen. By using computer programming, we can judge
the states of recycled coarse aggregate, new cement mortar,
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(a) A specimen of 100mm × 100mm (b) A specimen of 150mm × 150mm (c) A specimen of 300mm × 300mm

Figure 3: Random circular aggregate model of RAC.

(a) A specimen of 100mm × 100mm (b) A specimen of 150mm × 150mm (c) A specimen of 300mm × 300mm

Figure 4: Random convex polygon aggregate model of recycled aggregate concrete.

old cementmortar, new interfacial transition zone (ITZ), and
old ITZ. The model is shown in Figure 5.

5. Simulation on Uniaxial Compress
Test of RAC

5.1. Loading Mode. Based on the BFEM on potential energy
principle for damage mechanics problem, this paper simu-
lated the concrete test under uniaxial compression (shown in
Figure 6(a)). Therefore, the load patterns can be simplified
by Figure 6(b) which was loaded on the upper surface of
specimen by the displacement steps of 0.005mm/step and
constrained by hinged bearing.

5.2. Material Parameter Values. Referring to the experimen-
tal results from [3, 11, 26] and the damage constitutive model
of materials, thematerial parameters of RAC specimens (pre-
sented in Table 1) are selected for the numerical simulations.

5.3. Failure Process of RAC Specimens. A specimen of 100mm× 100mm, a specimen of 150mm × 150mm, and a specimen
of 300mm × 300mm are chosen as the representativemodels
to observe the failure patterning of different size of RAC

Natural aggregate

Old ITZ

Old cement mortar

New cement mortar

New ITZ

Figure 5: Attribute interval recognition of convex polygon recycled
coarse aggregate.

specimens by uniaxial compression, and they are shown in
Table 2.

5.4. Results of Uniaxial Compressive Strength. Three speci-
mens of 100mm × 100mm with different random aggregate
distributions are simulated, and the uniaxial compressive
stress-strain curves are shown in Figure 7(a).
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Table 2: The failure patterning of different size of RAC specimens under uniaxial compression.

Failure state of specimens Initial state Crack appears Crack coalescence

A specimen of 100mm × 100mm

A specimen of 150mm × 150mm

A specimen of 300mm ×
300mm

Uniaxial pressure

Uniaxial pressure

(a)

Prescribed displacement

Hinged bearing

(b)

Figure 6: Compressive loading model.
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(c) Specimens of 300mm × 300mm

Figure 7: Uniaxial compressive stress-strain curve of RAC specimens.

Similarly, the uniaxial compressive stress-strain curves of
three specimens of 150mm × 150mm and three specimens
of 300mm × 300mm are shown in Figures 7(b) and 7(c),
respectively.

The calculation results are shown as follows:

(a) The uniaxial compressive strengths of the three speci-
mens of 100mm × 100mm are 26.44MPa, 25.71MPa,
and 26.31MPa, and the average strength is 26.15MPa.

(b) The uniaxial compressive strengths of the three spec-
imens of 150mm × 150mm are 25.15MPa, 25.21MPa,
and 25.10MPa, and the average strength is 25.15MPa.

(c) The uniaxial compressive strengths of the three speci-
mens of 300mm× 300mmare 23.24MPa, 23.68MPa,
and 23.75MPa, and the average strength is 23.56MPa.

For the specimens of 100mm × 100mm, the uniaxial
compressive strength of 26.15MPa is coincidedwith the result
of 26.7MPa in the test [27].

5.5. Size Effect of Uniaxial Compressive Strength. To explore
the size effect of uniaxial compressive strength with the same
loading conditions, we calculate the average values of three
specimens in the dimension of 100mm × 100mm, 150mm× 150mm, and 300mm × 300mm, respectively. The average
compressive stress-strain curves are shown in Figure 8, and
the uniaxial compressive strengths are shown in Table 3.

5.6. Influences of the Contents of Old Mortar on Numerical
Simulation. The recycled aggregates are made from demol-
ished concrete by a series of measures like crushing, cleaning,
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Figure 8: The average compressive stress-strain curves of RAC
specimens in three dimensions.

Table 3:The average uniaxial compressive strength of different sizes
of RAC specimens.

Dimensions of RAC Means of compressive strength/MPa
100mm × 100mm 26.15
150mm × 150mm 25.15
300mm × 300mm 23.56

Table 4: Compressive strengths of RACwith differentmass contents
of old mortar.

Mass contents of old mortar Compressive strength/MPa
32% 26.76
42% 26.31
52% 25.39

and grading. Due to the different degrees of processing
technology, the contents of old mortar adhered on natural
aggregates are uncertain.

As early as 1984, Rasheeduzzafar and Khan [28] con-
cluded that the weakest link in RAC depended on the relative
strength of the old mortar and new mortar. Etxeberria et al.
[29] found that the adhered old mortar on the RCA was the
weakest point. Therefore, this research assumed the contents
of old mortar adhered to the recycled aggregates play an
important role in the uniaxial compression behavior and
applied three different mass contents (32%, 42%, and 52%)
to the RAC specimens of 100mm × 100mm. The numerical
RAC models, the compressive stress-strain curve, and the
compressive strengths are shown in Figures 9 and 10 and
Table 4, respectively.

5.7. Influences of ITZ Characteristics on Numerical Simulation.
Through the failure patterning of RAC specimens, we may
discover that microcracks first appear in the ITZ between

(a) Mass contents of 32%

(b) Mass contents of 42%

(c) Mass contents of 52%

Figure 9: RAC models with different mass contents of old mortar.

the zones of aggregate and cement mortar. Subsequently,
the cracks will propagate, intersect, and run through the
specimen till it is destroyed. The strength of interface perfor-
mance plays an important role in the mechanical properties
of recycled concrete materials. It is difficult to study the inter-
facial mechanical properties of recycled concretematerials by
means of experiments, and the numerical analysis method
will be a powerful analytical method. At present, the studies
on the interfacial mechanical properties of recycled concrete
materials by using numerical analysis method are relatively
few.

In order to explore the influence of the tensile strength of
ITZ, several numerical values were used by some researchers;
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Figure 10: Uniaxial compressive stress-strain curve of RAC speci-
mens with different mass contents of old mortar.
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Figure 11: The compressive stress-strain curve of RAC specimen of
100mm × 100mm with different tensile strengths of ITZ.

for instance, the strength values of 1.25MPa were applied
to the concrete area between matrix and aggregate in the
lattice model by Chiaia et al. [26]. Horsch andWittmann [30]
chose 2.0MPa as the tensile strength of ITZ to investigate
its influences. Xiao et al. [31] used 2.40MPa as the tensile
strengths of ITZ in numerical concrete. Therefore, the three
different tensile strengths are adopted in this paper to explore
the effect on the uniaxial compressive strength with RAC
specimens of 100mm × 100mm.

The compressive stress-strain curves are shown in Fig-
ure 11. The compressive strengths of RAC with different
tensile strengths of ITZ are shown in Table 5.

Table 5: Compressive strengths of RAC with different tensile
strengths of ITZ.

Tensile strength of ITZ/MPa Compressive strength/MPa
1.25 23.13
2.0 26.36
2.4 27.75

6. Conclusions

(1) This paper analyzed the uniaxial compressive strengths,
size effects on strength, and damage processes of RAC using
the Base Force Element Method (BFEM) on mesolevel. The
numerical results show that the uniaxial compressive strength
of RAC specimens decreases with increasing specimen size,
and it is agreeing with the test results. The research works
show that the random convex aggregatemodel and the BFEM
with the curve damage model can be used for simulating
the relationship between microstructure and mechanical
properties of RAC.

(2) Taking the real graduation and content of recycled
aggregates into consideration, this paper proposed a new
model of numerical RAC, random convex aggregate, model
which contains natural coarse aggregate, new mortar, new
interfacial transition zone (ITZ), oldmortar, and old ITZ.The
model can reflect the characteristics of RAC specimens more
authentically than the random circular aggregate model, and
it is proved to be feasible by the numerical test result. The
relationships of mesostructure and macroscopic mechanical
performance of RAC can be analyzed in a simple and feasible
way with this model.

(3) The failure pattern of numerical RAC under uniaxial
compression shows that the destruction process of specimen
can be described as the initiation, propagation, and cut-
through of cracks at mesoscale level, which is in accordance
with the real phenomena.

(4) The failure pattern also shows that the microcracks
first appear in the area of interfacial transition zone (ITZ)
with the increase of compressive loading; therefore, a hypoth-
esis that ITZ is the weak part of RAC is raised by this study.
Moreover, it can be seen clearly that the compressive strength
of RAC specimen increases obviously as the tensile strength
of ITZ increases in above qualitative analysis. However, more
systemic experiments are necessary to be done to explore
the contributions which ITZ made quantitatively in years to
come.

(5) Three different mass contents are used in the RAC
models to explore their influences on the uniaxial compres-
sive strengths. The results indicated that the compressive
strength of RAC specimen increases as the tensile strength
of ITZ increases, and this may be due to the fact that the
aggregates with low old mortar contents are much closer to
the natural aggregates which make the mechanical property
of RAC specimens much closer to the concrete.
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This paper presents an image-based micromechanical modeling approach to predict the viscoelastic behavior of asphalt mixture.
An improved image analysis technique based on the OTSU thresholding operation was employed to reduce the beam hardening
effect in X-ray CT images. We developed a voxel-based 3D digital reconstruction model of asphalt mixture with the CT images
after being processed. In this 3D model, the aggregate phase and air void were considered as elastic materials while the asphalt
mastic phase was considered as linear viscoelastic material. The viscoelastic constitutive model of asphalt mastic was implemented
in a finite element code using the ABAQUS user material subroutine (UMAT). An experimental procedure for determining the
parameters of the viscoelastic constitutive model at a given temperature was proposed. To examine the capability of the model and
the accuracy of the parameter, comparisons between the numerical predictions and the observed laboratory results of bending and
compression tests were conducted. Finally, the verified digital sample of asphalt mixture was used to predict the asphalt mixture
viscoelastic behavior under dynamic loading and creep-recovery loading. Simulation results showed that the presented image-based
digital sample may be appropriate for predicting the mechanical behavior of asphalt mixture when all the mechanical properties
for different phases became available.

1. Introduction

Asphalt mixture is the most widely used road construction
material in the paving industry. The mechanical behavior
of the asphalt mixture is complex due to the heterogeneity
of the asphalt composite material and the time-dependent
viscoelastic binder. In the aim of optimizingmaterials design,
it is necessary to study the behavior of this composite
material.The traditional trial and error approach in industrial
practice has focused on empirical experiments that develop
correlations between the macro phenomena and the material
characteristics. However, this traditional approach is cost-
intensive, high-resource-consuming, and time-consuming.
The developed correlations are not sufficient to gain insight
into the performance of asphalt mixture. To overcome these
difficulties, numerical techniques are developed to gain some
insight into the problems.

Many numerical attempts have been made to investigate
the internal behavior of asphalt mixture or to estimate

the test indices that can represent the macro phenomena
under certain conditions [1–5]. But these researches con-
sider the asphalt mixture as being homogenous material
with equivalent properties. When using these homogenous
numerical models, the influences of the microstructure such
as angularity of the aggregates, percentage of the air voids, and
distributions of the asphalt mastic are not taken into account.
Themechanical behavior of asphaltmixture strongly depends
on the particular components including aggregates, asphalt
mastic, and air voids. In order to gain accurate predictions
of the mechanical behavior for asphalt mixture, particular
attention has to be paid to the study of its microstructure and
to the mechanical behaviors of its different phases.

Anumber of researchers have paid attention to employing
the discrete element model (DEM) in studying the microme-
chanical behaviors of asphalt mixtures. Chang and Meegoda
[6] used a micromechanical model based on the discrete ele-
ment method (DEM) to investigate the viscoelastic behavior
of the internal structure of HMA. Collop et al. [7, 8] applied

Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2016, Article ID 7428623, 11 pages
http://dx.doi.org/10.1155/2016/7428623

http://dx.doi.org/10.1155/2016/7428623


2 Advances in Materials Science and Engineering

the discrete element method (DEM) to generate a three-
dimensional (3D) idealizedmixture model for simulating the
behavior of a highly idealized asphalt mixture under uniaxial
and triaxial compressive creep tests. Wu et al. [9] used
the discrete element method (DEM) to simulate constant
strain rate compressive tests for an idealized asphalt mixture
comprising approximately single-sized sand particles. Cai
et al. [10, 11] used the discrete element method (DEM)
to simulate the uniaxial compression tests of a realistic
asphalt mixture under constant strain rate. In these studies,
the produced numerical samples are either highly idealized
model or randomly generated model. The most important
advantages of these discrete element samples are the ability
to handle complex and changing contact geometries and
large displacements. However, these discrete element samples
were still not adequate enough to describe the complicated
microstructure of asphalt mixture with highly irregular
shaped components. Another disadvantage of these discrete
element samples is the relatively high computational cost.

To overcome this shortcoming, many researchers devel-
oped micromechanical models to investigate the behavior
of asphalt mixture by using the finite element method
(FEM). Dai [12, 13] developed a two-dimensional (2D)
microstructure finite element model of the asphalt mixture
generated from the scanned image to predict the viscoelastic
properties of the asphalt mixtures, where elastic properties
were assigned to aggregates and viscoelastic properties were
assigned tomastic phase. Kim and Lutif [14] proposed a com-
putational micromechanics modeling approach to predict
damage-dependent constitutive behavior of asphalt mixtures.
Arshadi and Bahia [15] developed the two-dimensional (2D)
images of mastic and mortar scales artificially and used them
to characterize the properties of those scales. And then,
the 2D scanned images of asphalt mixtures are utilized to
study the asphalt mixture behavior under uniaxial creep
and recovery loading. But the majority of the image-based
microstructure finite element models is limited to two-
dimensional samples. Lacking of three-dimensional infor-
mation in FE framework makes them less able to represent
complicated morphology of asphalt mixture when used for
simulating.

The nondestructive X-ray CT technique is used as
an effective method to capture images of the internal
microstructure of asphalt mixture.There have been a number
of recent attempts to use X-ray CT images to reconstruct a
three-dimensional (3D) finite element specimen to predict
the mechanical properties of asphalt mixture [16–19]. The
image-based finite element method requires the image analy-
sis techniques in order to segment the CT slices consisting of
different compositions, themechanical properties of different
phases, and the use of mechanical testing to identify the
material parameters. The majority of these microstructure
numerical samples for asphalt mixture faces challenges with
regard to accurate geometry of different phases and precise
description of asphalt mastic behavior.

This paper presents an image-based micromechanical
modeling approach for simulating the viscoelastic response
of asphaltmixture at a given temperature. In order to enhance
the segmentation of different phases in the CT image, we

developed an improved image analysis technique based on
the OTSU thresholding operation for use. Then, the three-
dimensional viscoelastic constitutive model is applied to
better describe themechanical behavior of asphaltmastic and
implemented in a finite element code using the ABAQUS
user material subroutine (UMAT). After that, we propose
an experimental procedure for identifying and verifying the
viscoelastic parameters at a given temperature in the linear
viscoelasticity range. Finally, the image-based numerical
sample combinedwith theABAQUSusermaterial subroutine
will be applied to predict the viscoelastic behavior of a real
microstructure asphalt mixture specimen.

2. Microstructural Reconstruction Based on
X-Ray CT Images

Asphalt mixture is a particulate composite material con-
sisting of aggregate, mastic, and air voids. In this section,
a cylindrical HMA mixture (AC-20) lab specimen was
prepared for capturing the internal microstructure with the
nondestructive industrial X-ray CT technique. Then, the
grayscale thresholds for dividing aggregate, matrix, and air
voids were chosen based on the improved OTSU method.
Additionally, a pixel-based 3D image model of the specimen
was constructed. In Sections 2.1 and 2.2, the reconstructed
process of the microstructure model is described in detail.

2.1. Microstructure Acquisitions and Digital Image Processing.
X-ray CT is a commonly used nondestructive technique for
characterizing the internalmicrostructure of asphaltmixture.
The basic image-forming principle of the industrial X-ray CT
is that suppose the X-ray attenuation coefficient of the ideal
material is𝜇. If the original X-ray strength is 𝐼0, the attenuated
X-ray strength is 𝐼. For homogeneousmaterial, the attenuated
X-ray strength follows the Bill Exponential Law described
below:

𝐼 = 𝐼0 exp (−𝜇𝑥) . (1)

For heterogeneous materials, the attenuated X-ray
strength 𝐼 can be calculated by dividing the object into small
units. So we can get the following equation:

ln(𝐼0𝐼 ) = 𝜇1𝑥1 + 𝜇2𝑥2 + 𝜇3𝑥3 + ⋅ ⋅ ⋅ . (2)

The original X-ray strength 𝐼0 and the attenuated X-ray
strength 𝐼 can be easily measured and the right side of (2) can
be calculated by numericalmethod. In this study, the YXLON
Compact-225 CT X-ray scanner is used to obtain the detailed
microscopic structure of the asphalt mixture specimen.

Generally, asphalt mixture is a three-phase composite
material including aggregate, matrix, and air voids. Scanned
CT images of asphalt mixture have different grayscale inten-
sities between 0 and 255, where denser materials have higher
intensity. The OTSU algorithm is a popular thresholding
method in adaptive optimal threshold selection for image
segmentation.

Beam hardening effect is a common phenomenon in X-
ray CT images where the edge is brighter than the center
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Figure 1: Image segmentation of asphalt mixture CT slices, (a) the original CT image, (b) the segmented image using OTSUmethod, (c) the
subimages decomposed by the improved OTSUmethod, (d) the segmented image using improved OTSUmethod, and (e) phase-segmented
image.

as presented in Figure 1(a). Figure 1(b) shows the phase-
segmented HMA mixture (AC-20) image using the OTSU
method and it can be noticed that the OTSU thresholding
operation only captures the aggregates at the edges of the
image. To reduce the beam hardening effect in the CT image,
an improved OTSU method developed by Liu and Li [20]
is used for this purpose. In this method, the CT image is

decomposed into a series of circular subimages with 50%
overlap between each subimage given in Figure 1(c). Then,
the OTSU thresholding operation is applied for each circular
subimage to segment the three phases. Figure 1(d) shows the
aggregate phase segmented from the original CT image using
the improvedOTSUmethod and the phase-segmented image
indicated with different colors can be seen in Figure 1(e).
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Figure 2: Sketch map of voxel definition.

2.2. Numerical Model Generation. A binary image is repre-
sented by an 𝑀 × 𝑁 logical matrix where pixel values are 1
(true) or 0 (false). The voxel defined in Figure 2 is generated
by expanding the pixel into three-dimensional space (3D).
A voxel-based 3D digital reconstruction model of asphalt
mixture is constructed when every pixel in the consecutive
CT images is converted into voxel as shown in Figures 3(a)
and 3(b).

In order to input the element and node information
into the finite element software such as ABAQUS, the node
and element numbering rules for generating the voxel-based
numericalmodel are defined as follows: the node and element
numbering sequences start from the lower left corner of the
matrix and then go to the right side of each line, and the
last number of each line is followed by the next line; the
position of corresponding element number in the first image
differs from that of the adjacent image by 𝑀 × 𝑁, while the
position of corresponding node number in the first image
differs from that of the adjacent image by (𝑀 + 1) × (𝑁 + 1).
The element and node information is generated with the
MATLAB programming and written into an input file of
BAQUS for numerical simulations. Figure 3(c) presents the
voxel-based numerical model of asphalt mixture.

3. Modeling of Asphalt Mastic

The coarse aggregate phase is basically considered as elastic
material in nature. The asphalt mastic phase is a typical
viscoelastic material which gives the asphalt mixture its
rheological characteristics. The challenge in the modeling
of micromechanical finite element model for asphalt con-
crete includes the time, temperature, and rate-dependent
behavior of the asphalt mastic [16]. In this section, the
three-dimensional viscoelastic constitutive model is used to
represent the behavior of asphalt mastic phase. Then, the
incremental formulations of the constitutive model imple-
mented in a finite element code are developed in details.

3.1. Viscoelastic Constitutive Model. For linear viscoelastic
materials, including asphalt mastic, the stress–strain consti-
tutive relation is expressed by convolution integrals. In the
case of strain response at constant stress, the convolution rela-
tions is explained as follows for one-dimensional problems:

𝜀 (𝑡) = 𝐷0𝜎 + ∫𝑡
0
Δ𝐷(𝜑𝑡 − 𝜑𝜏) 𝑑 (𝜎)𝑑𝜏 𝑑𝜏, (3)

where the𝐷0 is the instantaneous elastic compliance,𝜑𝜏 is the
reduced time, and Δ𝐷 is the transient compliance. It is given
by

Δ𝐷 (𝜑) = 𝑁∑
𝑛=1

𝐷𝑛 (1 − exp (−𝜆𝑛𝜑)) , (4)

where 𝐷𝑛 is the 𝑛th coefficient of the Prony series and 𝜆𝑛 is
the 𝑛th retardation time.

For stress response at constant strain, the convolution
relations can be represented as follows:

𝜎 (𝑡) = 𝐸0𝜀 + ∫𝑡
0
Δ𝐸 (𝜑𝑡 − 𝜑𝜏) 𝑑 (𝜀)𝑑𝜏 𝑑𝜏, (5)

Δ𝐸 (𝜑) = 𝑁∑
𝑛=1

𝐸𝑛 exp (−𝜌𝑛𝜑) , (6)

where the 𝐸0 and Δ𝐸 are the instantaneous elastic modulus
and the transient modulus, respectively; 𝐸𝑛 is the 𝑛th coeffi-
cient of the Prony series and 𝜌𝑛 is the 𝑛th relaxation time.

For three-dimensional problems, (3) can be decomposed
into deviatoric and volumetric components, such that

𝑒𝑡𝑖𝑗 = 12𝐽0𝑆𝑡𝑖𝑗 + 12 ∫
𝑡

0
Δ𝐽 (𝜑𝑡 − 𝜑𝜏) 𝑑 (𝑆𝜏𝑖𝑗)𝑑𝜏 𝑑𝜏,

𝜀𝑡𝑘𝑘 = 13𝐵0𝜎𝑡𝑘𝑘 + 13 ∫
𝑡

0
Δ𝐵 (𝜑𝑡 − 𝜑𝜏) 𝑑 (𝜎𝜏𝑘𝑘)𝑑𝜏 𝑑𝜏,

𝜀𝑡𝑖𝑗 = 𝑒𝑡𝑖𝑗 + 13𝜀𝑡𝑘𝑘𝛿𝑖𝑗,
(7)

where 𝑒𝑡𝑖𝑗 and 𝜀𝑡𝑘𝑘 are the deviatoric strain and volumetric
strain, respectively; 𝜀𝑡𝑖𝑗 is the total strain and 𝛿𝑖𝑗 is the Kro-
necker delta; 𝐽0 and 𝐵0 are the instantaneous effective elastic
shear and bulk compliances, respectively; Δ𝐽 and Δ𝐵 are the
transient shear compliance and bulk compliance, respect-
ively.

Similarly, (5) can be decomposed into deviatoric and
volumetric components, such that

𝑆𝑡𝑖𝑗 = 2𝐺0𝑒𝑡𝑖𝑗 + 2∫𝑡
0
Δ𝐺 (𝜑𝑡 − 𝜑𝜏) 𝑑 (𝑒𝜏𝑖𝑗)𝑑𝜏 𝑑𝜏,

𝜎𝑡𝑘𝑘 = 3𝐾0𝜖𝑡𝑘𝑘 + 3∫𝑡
0
Δ𝐾(𝜑𝑡 − 𝜑𝜏) 𝑑 (𝜀𝜏𝑘𝑘)𝑑𝜏 𝑑𝜏,

𝜎𝑡𝑖𝑗 = 𝑆𝑡𝑖𝑗 + 13𝜎𝑡𝑘𝑘𝛿𝑖𝑗,
(8)
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(a) (b) (c)

Figure 3: Numerical model generation of asphalt mixture, (a) series of consecutive CT images, (b) gray unit net of multiple CT images, and
(c) voxel-based numerical model of asphalt mixture.

where 𝑆𝑖𝑗 and 𝜎𝑘𝑘 are the deviatoric stress and volumetric
stress, respectively; 𝜎𝑡𝑖𝑗, 𝐺0, and 𝐾0 are the total stress,
the instantaneous effective elastic shear modulus, and bulk
modulus, respectively; Δ𝐺 and Δ𝐾 are the transient shear
modulus and bulk modulus, respectively.

3.2. Numerical Implementation for the Constitutive Model.
The finite element method (FEM) is actually an incremental
approach for numerical analysis. Current stress and strain at
integration points of each element at every time increment are
obtained from the stress and strain over the previous loading
history. So the three-dimensional incremental deviatoric and
volumetric formulations can be derived with some algebraic
manipulations.

3.2.1. Stress-Based Incremental Formulations. For stress-
based incremental deviatoric and volumetric formulations,
the results are expressed as

Δ𝑒𝑡𝑖𝑗 = 𝑒𝑡𝑖𝑗 − 𝑒𝑡−Δ𝑡𝑖𝑗
= 𝐽 (𝑡) Δ𝑆𝑖𝑗 − 12

𝑁∑
𝑛=1

𝐽𝑛 [exp (−𝜆𝑛Δ𝑡) − 1] 𝑞𝑡−Δ𝑡𝑖𝑗,𝑛 ,
𝐽 (𝑡)

= 12 {𝐽0 +
𝑁∑
𝑛=1

𝐽𝑛 [1 + 1𝜆𝑛Δ𝑡 (exp (−𝜆𝑛Δ𝑡) − 1)]} ,
𝑞𝑡𝑖𝑗,𝑛 = exp (−𝜆𝑛Δ𝑡) 𝑞𝑡−Δ𝑡𝑖𝑗,𝑛 + Δ𝑆𝑖𝑗 1 − exp (−𝜆𝑛Δ𝑡)𝜆𝑛Δ𝑡 ,
Δ𝜀𝑡𝑘𝑘 = 𝜀𝑡𝑘𝑘 − 𝜀𝑡−Δ𝑡𝑘𝑘

= 𝐵 (𝑡) Δ𝜎𝑘𝑘 − 13
𝑁∑
𝑛=1

𝐵𝑛 [exp (−𝜆𝑛Δ𝑡) − 1] 𝑞𝑡−Δ𝑡𝑘𝑘,𝑛 ,
𝐵 (𝑡)

= 13 {𝐵0 +
𝑁∑
𝑛=1

𝐵𝑛 [1 + 1𝜆𝑛Δ𝑡 (exp (−𝜆𝑛Δ𝑡) − 1)]} ,

𝑞𝑡𝑘𝑘,𝑛 = exp (−𝜆𝑛Δ𝑡) 𝑞𝑡−Δ𝑡𝑘𝑘,𝑛 + Δ𝜎𝑘𝑘 1 − exp (−𝜆𝑛Δ𝑡)𝜆𝑛Δ𝑡 ,
Δ𝜀𝑡𝑖𝑗 = Δ𝑒𝑡𝑖𝑗 + 13Δ𝜀𝑡𝑘𝑘𝛿𝑖𝑗,

(9)

where Δ𝑒𝑡𝑖𝑗 and Δ𝜀𝑡𝑘𝑘 are the incremental shear and bulk
strains, respectively; the variables 𝑞𝑡𝑖𝑗,𝑛 and 𝑞𝑡𝑘𝑘,𝑛 are the
shear and volumetric hereditary integrals for every Prony
series term 𝑛 at previous time 𝑡, respectively; the hereditary
integrals are updated at the end of every converged time
increment; for the initial increment, the variables 𝑞𝑡𝑖𝑗,1 and𝑞𝑡𝑘𝑘,1 are set to Δ𝑆𝑖𝑗((1 − exp(−𝜆𝑛Δ𝑡))/𝜆𝑛Δ𝑡) and Δ𝜎𝑘𝑘((1 −
exp(−𝜆𝑛Δ𝑡))/𝜆𝑛Δ𝑡), respectively;Δ𝜀𝑡𝑖𝑗 is the total incremental
strain.

3.2.2. Displacement-Based Incremental Formulations. Obvi-
ously, a similar derivation procedure may be carried out for
the case of stress response at constant strain.The incremental
formulations are given by

Δ𝑆𝑡𝑖𝑗 = 𝑆𝑡𝑖𝑗 − 𝑆𝑡−Δ𝑡𝑖𝑗
= 𝐺 (𝑡) Δ𝑒𝑖𝑗 + 2 𝑁∑

𝑛=1

𝐺𝑛 [exp (−𝜌𝑛Δ𝑡) − 1] 𝑞𝑡−Δ𝑡𝑖𝑗,𝑛 ,

𝐺 (𝑡) = 2{𝐺0 − 𝑁∑
𝑛=1

𝐺𝑛 1𝜌𝑛Δ𝑡 (exp (−𝜌𝑛Δ𝑡) − 1)} ,

𝑞𝑡𝑖𝑗,𝑛 = exp (−𝜌𝑛Δ𝑡) 𝑞𝑡−Δ𝑡𝑖𝑗,𝑛 + Δ𝑒𝑖𝑗 1 − exp (−𝜌𝑛Δ𝑡)𝜌𝑛Δ𝑡 ,
Δ𝜎𝑡𝑘𝑘 = 𝜎𝑡𝑘𝑘 − 𝜎𝑡−Δ𝑡𝑘𝑘

= 𝐾 (𝑡) Δ𝜀𝑘𝑘 + 3 𝑁∑
𝑛=1

𝐾𝑛 [exp (−𝜌𝑛Δ𝑡) − 1] 𝑞𝑡−Δ𝑡𝑘𝑘,𝑛 ,
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Table 1: Prony series coefficients of creep compliance and relaxation modulus for asphalt mastic.

𝑖 𝜆𝑛/s 𝐽𝑛/MPa−1 𝐵𝑛/MPa−1 𝐺𝑛/MPa 𝐾𝑛/MPa
1 10−4 0.2396 11.5076 1.1876 0.0212
2 10−3 0.0476 2.1289 8.2732 0.2124
3 10−2 0.0423 0.2913 7.1921 0.8938
4 10−1 0.0111 0.0359 39.3043 10.3226
5 100 0.0034 0.0108 32.6392 20.2222
6 101 0.0034 0.0108 28.9523 2.6625
7 102 0.0034 0.0108 73.8451 29.5453
8 103 0.0034 0.0108 307.0718 91.7736𝐽0 = 2.21𝐸 − 04 𝐵0 = 7.27𝐸 − 04 𝐺0 = 2.8219 𝐾0 = 0.0714

𝐾 (𝑡) = 3{𝐾0 − 𝑁∑
𝑛=1

𝐾𝑛 1𝜌𝑛Δ𝑡 (exp (−𝜌𝑛Δ𝑡) − 1)} ,

𝑞𝑡𝑘𝑘,𝑛 = exp (−𝜌𝑛Δ𝑡) 𝑞𝑡−Δ𝑡𝑘𝑘,𝑛 + Δ𝜀𝑘𝑘 1 − exp (−𝜌𝑛Δ𝑡)𝜌𝑛Δ𝑡 ,
Δ𝜎𝑡𝑖𝑗 = Δ𝑆𝑡𝑖𝑗 + 13Δ𝜎𝑡𝑘𝑘𝛿𝑖𝑗,

(10)

whereΔ𝑆𝑡𝑖𝑗 andΔ𝜎𝑡𝑘𝑘 are the incremental shear and bulk stress,
respectively; for the initial increment, the variables 𝑞𝑡𝑖𝑗,1 and𝑞𝑡𝑘𝑘,1 are set to Δ𝑒𝑖𝑗((1 − exp(−𝜌𝑛Δ𝑡))/𝜌𝑛Δ𝑡) and Δ𝜀𝑘𝑘((1 −
exp(−𝜌𝑛Δ𝑡))/𝜌𝑛Δ𝑡), respectively; Δ𝜎𝑡𝑖𝑗 is the total incremental
stress.

The stress-based and displacement-based three-
dimensional numerical constitutive models are implemented
within the FE code using FORTRAN language.TheABAQUS
user material subroutine (UMAT) is applied for this purpose.

4. Identification and Verification

4.1. Identification of the Material Parameters. According to
the elastic–viscoelastic correspondence principle, each of the
tensile creep compliance 𝐷, the shear 𝐽 compliance, and the
bulk compliance 𝐵 can be obtained from the other two using
Laplace transform. The tensile creep compliance 𝐷 and the
shear compliance 𝐽 can be easily determined directly from
uniaxial tensile tests and torsion tests, respectively. Then, the
bulk compliance 𝐵 can be calculated from the tensile creep
compliance 𝐷 and the shear compliance 𝐽. A similar set of
equations may be formulated for the bulk modulus 𝐾 when
the tensile modulus 𝐸 and the shear 𝐺 compliance are avail-
able. For displacement-based linear viscoelastic constitutive
model, an indirect method verified by previous research [21]
is applied to determine the fundamental relaxation modulus𝐸 and 𝐺 from the known compliance function.

Asphalt mastic comprises of fine aggregates and asphalt
binder. The asphalt binder content in asphalt mastic is the
same as the full HMAmixture (AC-20), excluding the binder
absorbed by coarse aggregates (larger than 2.36mm). The
finished experimental beams cut from a cylindrical specimen

have a dimension of 10mm × 10mm × 50mm in length,
width, and height, respectively.

Uniaxial tensile tests and torsion tests were applied to
determine the material parameters in three-dimensional
viscoelastic constitutive model at a temperature of 20∘C. In
the theory of linear viscoelasticity, the strain response to
any applied stress is independent of the stress magnitude.
This characteristic can be adopted to the static creep test by
monitoring the creep compliance as stress increases. If the
creep compliance curves vary a little subjected to a range of
loading levels, linear viscoelasticity holds. The tensile creep
data and shear creep data obtained from uniaxial tensile tests
and torsion tests, respectively, were employed in determining
Prony series coefficients of creep compliances. Then, the
Prony-based series coefficients of relaxation modulus can be
converted by themethod proposed in previous study [21].The
results of Prony series coefficients are shown in Table 1.

4.2. Verifications of the Incremental Constitutive Model.
The capability of the numerical constitutive model can be
examined by comparing the numerical predictions with the
observed laboratory tests. In this paper, two basic loading
paths (bending loading and compression loading) were uti-
lized to conduct a series of displacement-based tests at a
temperature of 20∘C to verify the capability of the incremental
constitutive model.

Beams with a dimension of 30mm × 30mm × 120mm in
length, width, and height were applied to conduct bending
flexural tests. Two primary modes of displacement-based
loading bending tests were performed on the beams. For the
verification purpose, three-dimensional numerical constitu-
tivemodelmentioned above was introduced to reproduce the
bending tests. The comparisons between the predictions and
the corresponding experimental results are given in Figure 4.

From Figure 4, it can be seen that the numerical predic-
tions exhibit consistent trend with the experimental results.
The differences of the vertical reaction force between the
numerical predictions and measured results for the two
primary modes of displacement-based loading are 2.1%
and 2.2%, respectively. Obviously, a rather good agreement
between the simulations and experimental measurements
can be obtained.

As for compression loading, cylindrical asphalt mastic
specimens having a diameter and height of 100 × 100mm
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Figure 4: Simulated and experimental bending results of displacement-based loading, (a) loading and unloading and (b) loading and holding
steady-state.
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Figure 5: Simulated and experimental compression results of displacement-based loading, (a) loading and unloading and (b) loading and
holding steady-state.

were utilized for testing. The same shapes of loading were
used for compression responses to arbitrary displacement-
based loading step history of mastic asphalt. The experimen-
tal results and the testing results are given in Figure 5.

It can be observed that the predicted results obtained
from the numerical constitutivemodel show good agreement
with the corresponding experimental data. This suggests that
once the appropriate viscoelastic constitutive parameters for
asphalt mastic at a constant temperature are available, the
numerical constitutive model is capable of describing the
material response under compression loading.

5. Numerical Simulations

The purpose of this section is to conduct the micromechan-
ical simulations of the digital sample reconstructed from
X-ray CT slices to predict the viscoelastic properties under
dynamic loading modes. Asphalt mixture specimen with a

dimension of 100mm diameter by 200mm height is usually
recommended for the dynamic modulus tests and the creep
tests tominimize edge effects (AASHTOTP 62-03, AASHTO
TP-70). Usually, the thickness of a typical asphalt surface layer
is far less than 150mm. The indirect tensile test (IDT) used
on field cores is the most effective method to evaluate the
mechanical properties of the existing pavement. In this study,
an asphalt mixture specimen with a dimension of 100mm
diameter by 30mm height was utilized for the numerical
simulations. The specimen was scanned by the X-ray CT
device with a resolution of 1024 × 1240. All the CT slices were
converted to low-resolution images to reduce the number of
elements. The numerical model of the asphalt mixture was
generated from the image pixels using the MATLAB code as
shown in Figure 3(c).

The eight-node 3D solid integration elements (C3D8)
with a unit thickness were used in constructing the mesh.
The aggregates contained a total of 35,611 elements, thematrix
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phase had 44,181 elements, and the remaining elements were
part of the air voids inclusions with a total number of 179
elements. The aggregates and the steel loading strip are
considered as a linear elastic material and the modulus of
elasticity and Poisson’s ratio for the aggregate and the steel
loading strip are assumed to be 25GPa and 0.25, 80GPa and
0.2, respectively. The air void will be included in this digital
sample with an elastic modulus of 0.5MPa and Poisson’s
ratio of 0.3. The matrix is considered as a linear viscoelastic
material. Parameters for the viscoelastic constitutive of the
matrix are determined in Section 4.1 and the numerical
viscoelastic constitutive model is implemented within the
FE code using FORTRAN. The ABAQUS user material
subroutine (UMAT) is applied for this purpose.

5.1. The Dynamic Test. In the Mechanistic Empirical Pave-
ment Design Guide (MEPDG), the dynamic modulus of
asphalt mixture is used as an important input parameter to
characterize the temperature and frequency dependent
behavior for pavement design and construction [22]. The
standard dynamic modulus determination procedure con-
sists of the uniaxial partial sinusoidal compressive test and
the indirect partial sinusoidal tension test, while the stress
state of the indirect tension test specimen subjected to vertical
loading is very similar to that of the field. It is apparent
that dynamic modulus measured from the indirect tension
test can better characterize the in-situ behavior of asphalt
mixture.

The dynamic modulus simulations in indirect tension
mode under six partial sinusoidal cycle loading frequencies
(0.1, 0.5, 1, 5, 10, and 25Hz) were conducted to show
the utility of the developed microstructure digital model
of asphalt mixture containing the three main phases. The
displacement-based loading was imposed to the top of the
steel loading strip, and the steel loading strip distributed
the applied load on the top surface of the numerical model.
In order to ensure that the asphalt mixture behaves as a
linear viscoelastic material, the vertical strain was confined
to 0.01%. The displacement-based incremental constitutive
model for asphalt mastic derived in Section 3.2.2 would be
incorporated in ABAQUS user material subroutine (UMAT)
to model the effective asphalt mastic behavior.

For frequencies of 0.1, 0.5, and 1Hz, six displacement-
based loading cycles were used and ten displacement loading
cycles were applied for the frequencies of 5, 10, and 25Hz.
To balance the computational cost and the smoothness of
the stress/strain-time response curves, 20 time increments
(computation points) were applied for each loading cycle.
In the dynamic modulus simulation, the reacting force and
the vertical displacement of the whole model were recorded.
Stress is defined as the reacting force divided by the cross
section area of the digital specimen. Strain is the change in the
vertical deformation of the digital specimen divided by the
initial height.The dynamic modulus is calculated by dividing
the peak stress amplitude with the peak strain amplitude:

𝐸∗ = 𝜎0𝜀0 , (11)

where |𝐸∗| is the dynamic modulus, 𝜎0 is the peak-to-peak
stress amplitude, and 𝜀0 is the peak-to-peak strain amplitude.

In this study, the averages of the reacting force and the
vertical displacement of the last two loading cycles were used
to calculate the dynamic modulus. The stress/strain-time
responds under different loading frequencies were presented
in Figure 6.

It is clearly shown that the overall stress responds
under different loading frequencies drop as the loading time
increases, and the peak strain lags behind the peak loading
under the same loading cycle, which demonstrates that the
digital sample behaves as a viscoelastic material under cycle
loading. The dynamic modulus was calculated with (11) as
shown in Figure 7. It shows that the dynamic modulus
increases with the loading frequencies. The results indicate
that the developed digital microstructure sample is capable
to predict the macroscopic viscoelastic behaviors of asphalt
mixture with experimental material parameters.

5.2. Repeated Creep-Recovery Test. A typical vehicle load in
flexible pavement is a cyclic load with loading and unloading
periods. So in the laboratory tests, repeated creep-recovery
test is more representative to what the asphalt mixture
experiences under traffic loading. Figure 8 shows the stress
input history for the repeated creep-recovery test simulation
with a 6-second loading duration and a 2-second unloading
duration.

Repeated creep-recovery test simulation is conducted
using the same microstructure digital model of asphalt
mixture utilized for dynamic simulations. The vertical stress
applied to the top of the steel loading strip is 1.2MPa due
to the high stiffness for AC-20 at a temperature of 20∘C. To
balance the computational cost and the smoothness of the
strain-time response curves, 40 time increments (computa-
tion points) were applied for each loading cycle. The force-
based incremental constitutive model for matrix derived
in Section 3.2.1 would be incorporated in ABAQUS user
material subroutine (UMAT) to model the effective asphalt
mixture behavior.

Figure 9 shows the vertical displacement and strain con-
tour at 60th time step, respectively. It is found in Figure 9(a)
that the vertical displacement decreases from the top to the
bottom but not left-right symmetric due to the heterogeneity
of the asphalt mixture digital model. Figure 9(b) presents that
the local vertical strain distributions are largely in the state of
compression. The vertical compressive strain mainly occurs
in the vicinity of the vertical central axis. This is because the
aggregates around the central axis will be extruded into a
skeleton to withstand the compressive loading. It also can be
seen from Figure 9(b) that the matrix phase suffers greater
deformation due to the large difference in stiffness between
aggregate and matrix.

The corresponding strain-time response under vertical
stress for 64 time steps is presented in Figure 10. It can clearly
be noticed that the primary and secondary creep regions
can be observed from this figure. However, damage was
not considered in this study, and the tertiary creep region
does not occur as the numbers of loading cycle increases.
This trend is in close agreement with experimental data
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Figure 6: The stress/strain-time responds of the dynamic simulation under different frequencies.
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regarding the linear viscoelastic behavior of asphalt mixture
under repeated loading in the previous studies [23, 24]. It is
clear that the three-dimensional (3D) image-based numerical
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Figure 8: Applied stress-time diagram.

model and the verified incremental constitutivemodel can be
used to predict the mechanical response of asphalt mixture
under repeated creep loading.
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Figure 9: Displacement and local stain distribution of the digital sample (time steps = 62), (a) vertical displacement 𝑢1 and (b) local normal
strain 𝜀11.
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Figure 10: Strain-time response.

6. Conclusions

In this paper, the nondestructive industrial X-ray CT tech-
nique was employed to capture the internal microstructure
of asphalt mixture. The CT images were segmented with the
improvedOTSUmethod to reduce the beamhardening effect
which is a common phenomenon in X-ray CT images. The
image-based three-dimensional (3D) FE model including
aggregates, asphalt mastic, and air voids was developed for
numerical predictions. In this 3D model, the aggregate phase
and air void were considered as elastic materials while the
asphalt mastic phase was considered as linear viscoelastic
material. We derived the displacement-based and stress-
based incremental formulations of the viscoelastic constitu-
tive models for asphalt mastic with some algebraic manipu-
lations and then implemented the incremental formulations
in a finite element code.Thematerial parameters in the three-
dimensional viscoelastic constitutivemodel were determined
by applying the uniaxial tensile tests and torsion tests.
Furthermore, the capability of the incremental constitutive
model was examined by comparing the numerical predic-
tions with the observed laboratory tests at a temperature of
20∘C. Finally, the image-based three-dimensional (3D) FE
mode incorporatedwith viscoelastic asphaltmastic phase and
elastic aggregates and air voids was used for the dynamic and
the repeated creep-recovery test simulations.

The improved OTSU method presented in this study
can better identify the CT images segmentation and the
developed image-based three-dimensional (3D) FE model

can provide geometric information for the aggregates, air
voids, and asphalt mastic. Comparison between the numer-
ical predictions and the experimental results shows that the
incremental constitutive model has considerable promise for
predicting the asphalt mastic mechanical properties under
two basic loading paths. It can be concluded that once the
appropriate viscoelastic constitutive parameters for asphalt
mastic at a constant temperature are available, the numerical
constitutive model is capable of describing the material
response. Simulation results of the dynamic test and the creep
test presented in this study showed that the 3D finite element
models provided reasonable predictions of the complex
modulus and creep characteristics. It is feasible to utilize
the proposed approach to conduct numerical simulations for
mechanical responses of the asphaltmixture.Our futurework
will focus on extending this approach to conduct triaxial tests
of microstructural asphalt mixture under complex loading
path, as well as further generalizing the high-resolution
numerical model including aggregate-mastic interface.
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The effects of crack width on chloride ingress andmechanical behavior of reinforced concrete (RC) specimens were experimentally
studied after exposure to 300 cycles of freeze-thaw and seawater immersion (75 times). Cracks were induced prior to exposure by an
eccentric compression load which was sustained until the end of the exposure period. The maximum cracks widths induced in the
four column specimens were 0, 0.06, 0.11, and 0.15mm, respectively. Results show that when the crack width was less than 0.06mm,
the effect of cracks on chloride ingress could be neglected. However, when the crack width was more than 0.11mm, chloride ingress
was accelerated. Results of static loading tests show that both yield load and ultimate load of RC columns decreased as crack width
increased. When the crack width was 0.15mm, yield load and ultimate load of RC column specimen decreased by 17.0% and 18.9%,
respectively, compared to a specimenwithout cracks. It was concluded that crackwidth significantly promoted local chloride ingress
and mechanical performance degradation of RC structures in cold coastal regions or exposed to deicing salts.

1. Introduction

In actual service conditions it is common that concrete
structures exhibit cracks and for exposure in a chloride-laden
environment this will impair the structural performance.

Existing literature proves that in a marine environment
the presence of crack accelerates chloride transport. Wang
and Zhang [1] developed a numerical procedure to simulate
chloride ingress in cracked concrete. It was found that, with
increasing crack width, crack depth, and number of cracks,
chloride ingress increased. However, the effect of loadings
and stress on the chloride diffusion coefficient was not taken
into account. Şahmaran [2] exposed RC beams exhibiting
flexural cracks with different widths to a NaCl solution.
The results revealed that the apparent chloride diffusion
coefficient remained almost constant when the crack width
was between 0.0294 and 0.1029mm. In addition, X-ray
diffractograms of the cracked concrete surface identified
that the formation of calcite (CaCO

3
) had resulted in self-

healing. The diffusion coefficient increased rapidly when the

crack width exceeded 0.135mm. Li [3] utilized spray of NaCl
solution (3.5% by weight) to simulate tidal and splash zones
in marine environment. The effects of different cracking
conditions (cracks induced by a sustained load or loaded to
cracking and then released) and different crack widths (0.05,
0.1, and 0.2mm) on corrosion initiation of steel bars were
experimentally studied. It was found that when crack widths
were less than 0.1mm, the cracks demonstrated self-healing
and the effect of cracks on chloride penetration was limited.
However, when crack widths exceeded 0.1mm, chloride pen-
etration was accelerated.Win et al. [4] applied a bending load
in concrete specimens to induce cracks in concrete specimens
having widths of 0.1, 0.2, 0.3, and 0.5mm, respectively.
Then the specimens were exposed to a NaCl solution for 1
month. It was found by Electron Probe Microanalysis that
the chloride penetration profile around the crack was more
than twice that in the uncracked surface. Gowripalan et al. [5]
immersed concrete prisms in 3% NaCl solution for 300 days.
It was clearly observed that chloride diffusion coefficients
of concrete under tension were higher than that of concrete

Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2016, Article ID 5973467, 10 pages
http://dx.doi.org/10.1155/2016/5973467

http://dx.doi.org/10.1155/2016/5973467


2 Advances in Materials Science and Engineering

under compression. Wang et al. [6] applied flexural loads to
RCbeams and the loadsweremaintained.Then theRCbeams
were exposed to an accelerated salt fog (5% by weight NaCl)
environment.The results showed that the chloride profile and
the apparent chloride diffusion coefficient increased with the
increase of the flexural loads. Cheewaket et al. [7] investigated
the compressive strength and chloride diffusivity of concrete
specimens exposed to seawater for 3, 4, 5, 7, and 10 years. The
results showed that fly ash contributed to a better resistance to
chloride ingress and steel corrosion; however fly ash lowered
the 28-day compressive strength of concrete. Kwon et al.
[8] investigated chloride diffusivity of wharves exposed to a
coastal environment and developed a crack effect model to
predict the service life of cracked concrete. Alkam andAlqam
[9] predicted the service life of a reinforced concrete column
exposed to a severe chloride environment. The study was
based on chloride diffusion simulation in a concrete column
during its anticipated life span. However, the mechanical
behavior of column was not considered.

Increased chloride diffusivity of the concrete in the cover
zone will result in accelerated corrosion initiation time of
steel. Jaffer andHansson [10] submerged beams with bending
cracks in chloride solution (3% chloride content) for 2
weeks and subsequently dried the beams during the 2 weeks,
which was repeated for 18 months. The results indicated that
reinforcement corrosion occurred only at intersections of the
rebar with cracks in the concrete cover. Furthermore, the
observed depth loss due to pitting corrosion occurring at the
cracks was greater than that calculated from average current
densities. Poupard et al. [11] investigated steel corrosion in a
RC beam after exposure to a tidal marine environment for
40 years. The results indicated that diameter loss of steel in
the tension zone was about 30% whereas the diameter loss of
steel in the compression zone did not exceed 2%. It indicated
that microcracking resulting from tensile stresses increased
both chloride and oxygen penetration which accelerated steel
corrosion.

Many studies apply electrochemical corrosion methods
to accelerate the steel corrosion process and focus on a
relationship between amount of steel corrosion and loss
of load-bearing capacity (Yoon et al. [12]; Torres-Acosta et
al. [13]; Malumbela et al. [14]). Despite the fact that an
electrochemical corrosion method is quick and convenient,
with this method predominantly uniform corrosion attack
over the steel surface will occur.

In contrast, in cracked RC structures in an aggressive
environment, the corrosion process will be characterized
by local pitting corrosion. Thus, steel corrosion processes
induced by an electrochemical corrosion method are not
comparable to real steel bars corrosion processes in RC
structures exposed to an aggressive environment.

According to these studies, both cracks and tension stress
increase chloride diffusivity and subsequently reduce time to
corrosion initiation. Diao et al. [15] considered the effect of
air content (3.2% and 6.1%).The results showed that the yield
load, as well as the ultimate load, and the ductility of RC
beams with higher air content increased after the combined
action of freeze-thaw cycles and seawater immersion. Liu
et al. [16] experimentally studied the effects of seawater

Table 1: Proportions of concrete mixture.

Concrete composition
Water (kg/m3) 184
425 Portland cement (kg/m3) 460
River sand (kg/m3) 609
Coarse aggregates (kg/m3) 1130
Fly ash (kg/m3) 53
Water-reducing admixtures (kg/m3) 4.18
Air-entraining admixtures (mL/m3) 98.6
Note: 425 Portland cement refers to a cement class in China; its compressive
strength at age of 28 d was 42.5MPa.

corrosion and freeze-thaw cycles on the structural behavior
of fatigue damaged reinforced concrete (FDRC) beams. The
results showed that when the FDRC beams were exposed to
an environment of alternate exposure to freeze-thaw and sea-
water immersion, a more rapid reduction in the strength and
stiffness of the beams was observed. It is therefore concluded
that comparative studies on loss of performance due to degra-
dation and chloride diffusivity of RC structures are lacking in
the existing literature andonly a limited number of the studies
consider the combined effect of freeze-thaw cycles, seawater
immersion, and crack width on RC structures.

This paper reports on laboratory experiments on com-
bined effects of crack width, freeze-thaw cycles, and seawater
immersion performed on RC column specimens. In this
study, cold coastal environment or deicing conditions were
simulated by alternate action of freeze-thaw cycles and
seawater immersion. Different cracks were induced in RC
specimens by sustained eccentric compression load and the
maximum cracks widths achieved in the specimens ranged
from 0.0 to 0.15mm. During a period of freeze-thaw cycles
alternated with seawater immersion, the evolution of cracks
was monitored. After alternate exposure conditions consist-
ing of 300 cycles of freeze-thaw and seawater immersion (75
times), a static loading test and the determination of chloride
profiles were conducted. Furthermore, the effect of crack
width on chloride diffusivity was analyzed. This study com-
bined measurements related to chloride transport properties
and tomechanical performance in a single experiment which
distinguished it from other studies referenced in the paper.

2. Experimental Details

2.1. Specimens. The specimens used in the current study
included RC column specimens and plain concrete prism
specimens. The plain concrete specimens were used to deter-
mine compression strength of concrete whereas RC column
specimens were used to investigate chloride diffusivity and
deterioration of structural performance. The details of the
concrete mixture are listed in Table 1. The water-cement ratio
was 0.40.

All specimens (column and plain concrete) were made
from one batch of concrete. The air content in the current
concrete mixture was measured with the pressure method
according to the standard test method for air content of
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Figure 1: Reinforcement arrangement and dimensions of column
specimens.

freshly mixed concrete (ASTMC231/C231M).The air content
amounted to 5.7%. The average compressive strength of the
concrete used for the five RC column specimens was 41MPa,
as determined on the prisms at an age of 28 days.

Figure 1 shows details of the reinforcement arrangement
and dimensions of the RC column specimens. Five RC
column specimens were made, denoted by COL-0 to COL-
4. All five column specimens were designed with 700mm
height and with a rectangular cross section of 𝑏 × ℎ =

100 × 200mm, as shown in Figure 1. The thickness of the
concrete cover was 30mm. Four round plain bars with 10mm
diameter were symmetrically placed as longitudinal bars.
The longitudinal bars had yield and ultimate strengths of
510 and 825MPa, respectively. All specimens were demolded
24 hours after casting and thereupon cured under standard
temperature and moisture conditions. At the age of 23 days,
except for specimen COL-0 (no freeze-thaw, no chloride),
the remaining four column specimens were immersed in
seawater for 4 days. At the age of 28 d, different crack
widths were induced in RC column specimens COL-1 up
to COL-4. Then specimens COL-1 up to COL-4 were put
into the temperature control chamber for freeze-thaw cycling.
Column specimen COL-0 was exposed to an atmospheric
environment and was regarded as the reference.

2.2. Cracks in RC Column Specimens. At the age of 28 d,
different flexural cracks were induced by an eccentric com-
pression load applied on RC column specimens COL-1 up
to COL-4. The eccentric compression load was applied on
these four column specimens by tightening the bolts attached
to the spiral rebar passing through the brackets at two ends
of the column, as illustrated in Figure 2. The eccentricity of
the eccentric compression load was 130mm.The prespecified
widths of the resulting flexural cracks were controlled by the
level of the applied eccentric compression load.

The resulting crack widths were quantified by a Crack
Width Measuring Instrument (optical microscope). The

Loading steel plate

Bolt

Spiral rebars
wrapped with

insulation

200400

70
0

Figure 2: Sustained loading system to induce cracks.

Table 2: Test conditions of reinforced concrete column specimens.

Group COL-0 COL-1 COL-2 COL-3 COL-4
Max crack width
𝑤
𝑚
(mm) 0 0 0.06 0.11 0.15

Environment
simulation No Yes Yes Yes Yes

Number of
freeze-thaw cycles 0 300 300 300 300

Number of times of
immersion in
seawater

0 75 75 75 75

Age at static
loading (day) 103 103 103 103 103

maximum flexural cracks widths of 0.0, 0.06, 0.11, and
0.15mm were induced to RC column specimens COL-1,
COL-2, COL-3, and COL-4, respectively. For all column
specimens, themaximumcrackwidthwas denoted as𝑤

𝑚
and

listed in Table 2. The maximum crack width was designed
to be basically equivalent to that occurring under normal
service conditions.

2.3. Environment Simulation of Freeze-Thaw Cycles and Sea-
water Immersion. In this study, all tests were performed in
the Civil Engineering Laboratory at Beihang University in
Beijing. The environment simulation of cold coastal regions
or deicing conditions included 75 cycles of alternate exposure.
During 1 cycle of alternate exposure, the column specimens
were placed in a temperature controlled chamber without
exposure to chlorides for 4 cycles of freeze-thaw (16 h), and
thereupon the column specimens were completely immersed
(over the full height) in seawater solution for 8 h. Each freeze-
thaw cycle lasted 4 h, with 2.5 h of freezing and 1.5 h of
thawing. The freeze-thaw cycles were simulated according to
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the fast freeze method described in experimental methods
of long-term properties and durability of normal concrete
(GB/T 50082-2009) [17].The internal temperature at the cen-
ter of a concrete specimen was monitored by an embedded
temperature sensor. The maximum and minimum internal
temperature during a freeze-thaw cycle were 8 ± 2

∘C and
−15±2

∘C, respectively. During immersion the temperature of
the seawater ranged between 15∘Cand 20∘C.Theenvironment
simulation of the alternate exposure started at an age 𝑡

1
=

28 d and ended at 𝑡
2

= 103 d. The total duration of the
alternate exposure amounted to 75 days.The seawater was an
artificially mixed solution of 3% (by weight) sodium chloride
(NaCl) and 0.34% (by weight) magnesium sulfate (MgSO

4
).

Details on the environment simulation and maximum
crack width in column specimens are shown in Table 2.
The eccentric compression load was maintained to keep the
cracks open until the end of 75 cycles of alternate exposure.

The evolution of all crack widths was monitored during
the 75 cycles of alternate exposure. In order to minimize the
impact of environmental conditions, the sustained loading
systemwas coveredwithwaterproofmaterial and insulations,
as shown in Figure 2. For column specimens COL-2 to COL-
4, the sustained eccentric compression loads were removed
after 75 cycles of the alternate exposure. Then the static load-
ing tests were conducted on specimens COL-0∼COL-4 until
failure followed by determination of the chloride profiles.

2.4. Static Loading Test. Figure 3 shows the scheme of the
static loading test.TheRC column specimens COL-0∼COL-4
were supported by a hinged support at both ends of a column
specimen. The lateral displacements of the column specimen
were measured by three displacement sensors. Strains in
longitudinal bars and concrete were measured by wire strain
gauges prepared before the loading test. The eccentricity
between the loading jack and column specimenswas 130mm.

2.5. Chloride Content Test

2.5.1. Method for Chloride Content Test. After the static
loading test, cylindrical samples were drilled from column
specimens COL-0∼COL-4, as shown in Figure 4. For each
column specimen, 7 cylindrical samples were retrieved from
the tensile side of a column specimen, which included
both cracked and uncracked samples. The cores having a
diameter of 50mm and a depth of 30mmwere drilled evenly
distributed over the height. Each core was then subdivided
along the depth to obtain 3 slices having a thickness of 10mm.
Each slice was ground into a fine powder to quantify the free
chloride content. The coarse aggregates were sifted from a
slice when the slice was ground into fine powder. The free
chloridewas extracted by distilledwater at room temperature.
For all slices, powder was taken from each slice and dissolved
in distilled water to prepare the sample solution. The free
chloride content in each ground slice was determined by the
Ion Selective Electrode Method according to the standard
JTJ 270-98 [18]. Based on the measured chloride profile of
each sample, the value of the apparent chloride diffusion
coefficient 𝐷

𝑎
was determined by regression analysis using

(2) as to result into the best fit curve. In this study, the

Lateral
displacement

sensor

Hinged support

Eccentricity
Loading jack

Longitudinal axis

Strain
gauge

of concrete70
0

400

Figure 3: Scheme of static loading test.

Figure 4: Sampling of concrete along the tension side of column
specimens.

chloride diffusivity of column specimens COL-1∼COL-4 was
determined by analysis of the measured chloride profile and
eventually characterized by the apparent chloride diffusion
coefficient𝐷

𝑎
.

2.5.2. Calculation of Time to Corrosion Initiation. To evaluate
the effect of chloride diffusivity on RC column specimens,
time to corrosion initiation was calculated based on the
apparent chloride diffusion coefficient𝐷

𝑎
. In general, during

the service life the chloride content at the steel surface should
not exceed the critical chloride content [8].Thus, in this study,
it is assumed that time to corrosion initiation 𝑇 was reached
when the chloride content at the steel surface has reached
the critical chloride content 𝐶cr. In this study for the critical
chloride content causing initiation of steel corrosion 𝐶cr =
0.07% has been adopted as found in a study of Oh [19] in
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which similar aggressive environment was considered. 𝐶cr
related to free chloride and was expressed by mass of binder.

In order to calculate the chloride profile resulting from
ingress of penetrating chlorides, Collepardi et al. [20] assume
chloride diffusion into concrete to be one-dimensional non-
steady state in a semi-infinite medium, following Fick’s
second law, generally expressed by

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕
2
𝐶

𝜕𝑥2
, (1)

where 𝐶 is the chloride content at depth 𝑥 after an exposure
period 𝑡. 𝐷 is the apparent chloride diffusion coefficient
which is considered to remain constant during the complete
exposure period.

Assuming that the initial and boundary conditions are
𝐶(𝑥 = 0, 𝑡) = 𝐶

𝑠
and 𝐶(𝑥, 𝑡 = 0) = 0, respectively, the

analytical solution to (1) is given by (2), that is, the so-called
error function (erf) solution as described in Crank [21].

𝐶 = 𝐶
𝑠
− (𝐶
𝑠
− 𝐶
𝑖
) ⋅ erf ( 𝑥

2√𝐷 ⋅ 𝑡
) , (2)

where 𝐶
𝑠
is surface chloride content and 𝐶

𝑖
is initial chloride

content.
The chloride diffusion coefficient decreased as exposure

time increased in service life because of continued cement
hydration. To take this ageing effect into account, Tang and
Nilsson [22] utilize (3) to describe the development of the
chloride diffusion coefficient over time.

𝐷
𝑡
= 𝐷ref (

𝑡ref
𝑡
)

𝑚

, (3)

where 𝐷
𝑡
is chloride diffusion coefficient at time 𝑡, 𝐷ref

is the chloride diffusion coefficient at reference time 𝑡ref
(𝑡ref = 28 d), and 𝑚 is the so-called ageing factor. Following
the Chinese standard for durability assessment of concrete
structures (CECS220:2007) [23] in this study 𝑚 = 0.3 is
adopted for the concrete mixture used.

𝐷
𝑡
= 𝐷ref (

𝑡ref
𝑡
)

𝑚

, 𝑡 < 𝑡
𝑅
,

𝐷
𝑡
= 𝐷ref (

𝑡ref
𝑡
𝑅

)

𝑚

, 𝑡 ≥ 𝑡
𝑅
,

(4)

where 𝑡
𝑅
is the time after which the diffusion coefficient is

assumed to remain constant and 𝑡
𝑅
is generally assumed to

be 30 years [24].
𝐷
𝑡
is a function of time that cannot be directly put

into the error function solution without time integration.
Tang and Gulikers [25] substitute (4) into (5) to integrate 𝐼.
Consequently, 𝐼 can be expressed by (6) and (7). As given in
Figure 5, 𝑡

1
is the start of exposure period and 𝑡

2
is the end of

exposure period.

Chloride exposure period

Dref

tref tt1 t2

Da
Dt

Figure 5: The scheme of exposure time.

𝐼 = ∫

𝑡
2

𝑡
1

𝐷
𝑡
𝑑𝑡, (5)

𝐼 =
𝐷ref ⋅ 𝑡

𝑚

ref
1 − 𝑚

⋅ (𝑡
1−𝑚

2
− 𝑡
1−𝑚

1
) , 𝑡
2
< 𝑡
𝑅
, (6)

𝐼 = 𝐷ref ⋅ [
𝑡
𝑚

ref ⋅ (𝑡
1−𝑚

𝑅
− 𝑡
1−𝑚

1
)

1 − 𝑚
+ (

𝑡ref
𝑡
𝑅

)

𝑚

(𝑡
2
− 𝑡
𝑅
)] ,

𝑡
2
≥ 𝑡
𝑅
.

(7)

For each sample the measured chloride profile is used
to obtain surface chloride content 𝐶

𝑠
and apparent chloride

diffusion coefficient 𝐷
𝑎
by regression analysis yielding the

best fit curve. By substituting (3) into (5), the reference value
𝐷ref can then be calculated using

𝐷
𝑎
=

∫
𝑡
2

𝑡
1

𝐷ref (𝑡ref/𝑡)
𝑚
𝑑𝑡

∫
𝑡
2

𝑡
1

𝑑𝑡

. (8)

By substituting 𝐼 for 𝐷 ⋅ 𝑡 in (2) to obtain (9), the time
dependence of the chloride diffusion coefficient could be
considered.

Based on 𝐶
𝑠
and 𝐷ref obtained for each sample, substi-

tuting for the critical chloride content 𝐶cr = 0.07%, concrete
cover 𝑥 = 30mm, 𝑡1 = 𝑡ref = 28 d, 𝑡

𝑅
= 30 year, 𝐶

𝑖
=

0.007%, and 𝑚 = 0.3 into (9), the magnitude of 𝐼 could be
calculated. 𝐶

𝑖
= 0.007% was obtained on samples retrieved

from specimen COL-0. Next, the time to corrosion initiation
𝑇 can be calculated by (10) and (11) which are derived from
(6) and (7).

𝐶cr = 𝐶
𝑠
− (𝐶
𝑠
− 𝐶
𝑖
) ⋅ erf ( 𝑥

2√𝐼
) , (9)

𝑇 = [
1 − 𝑚

𝐷ref 𝑡
𝑚

ref
⋅ 𝐼 + 𝑡

1−𝑚

1
]

1/(1−𝑚)

, 𝑇 < 𝑡
𝑅
, (10)

𝑇 = 𝑡
𝑅
+ (

𝑡
𝑅

𝑡ref
)

𝑚

[
𝐼

𝐷ref
−
𝑡
𝑚

ref (𝑡
1−𝑚

𝑅
− 𝑡
1−𝑚

1
)

1 − 𝑚
] ,

𝑇 ≥ 𝑡
𝑅
.

(11)

3. Results and Discussion

3.1. Monitoring Results during Environment Simulation

3.1.1. Crack Evolution under Chloride Environment. As pre-
viously mentioned, a sustained eccentric compression load
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Figure 6: Distribution and development of cracks in COL-2∼COL-4 after a specified number of series of cyclic exposure.

was applied to column specimens COL-2∼COL-4 to induce
andmaintain cracks. As expected, the cracks were distributed
on the tensile surface of the column specimens. In the case
of COL-3 and COL-4, the main cracks extended from the
tensile surface to two sides of the cross section and extended
beyond the concrete cover depth. As shown in Figure 6, the
evolution of cracks in column specimens COL-2, COL-3,
and COL-4 was monitored after 0, 25, 50, and 75 series of
cyclic exposure. The mechanical load was maintained during
the complete period of exposure to freeze-thaw cycles and
seawater immersion. During 75 series of cyclic exposure, the
crack width remained constant.

3.1.2. Self-Healing Effect of Cracks. Figure 7 shows a picture
of Crack 1 in column specimen COL-2, Crack 2 in COL-
3, and Crack 2 in COL-4 after 75 series of alternate action,

that is, at the end of the exposure period at an age of 103
days. As can be observed from Figure 7, white traces along
Crack 1 in COL-2 and Crack 2 in COL-3 were clearly visible
whereas the white traces were not evident at Crack 2 in COL-
4.The study of Şahmaran [2] indicated that the white deposit
formed by calcite (CaCO

3
) contributed to a self-healing effect

of concrete cracks, which was responsible for the blockage of
transportation processes along the crack path. In otherwords,
for small crack widths, such as Crack 1 in COL-2 and Crack 2
in COL-3, a self-healing effect of cracks was observed and the
white deposit impeded the chloride transport process during
the period of environment simulation of freeze-thaw cycles
and seawater immersion. However, for larger crack widths,
such as Crack 2 in COL-4, the self-healing effect of crack was
not observed.
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Figure 7: Self-healing effect of cracks after 75 rounds of alternate
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Figure 8: Measured chloride profiles of uncracked and cracked
concrete surfaces of column specimens.

3.2. Results and Analysis of Chloride Diffusivity

3.2.1. Chloride Content of Uncracked and Cracked Con-
crete. For comparison, the average free chloride content in
uncracked and cracked concrete parts of column specimens
COL-1∼COL-4 is plotted in Figure 8. For uncracked concrete
parts, represented by dashed lines in Figure 8, the chloride
content at each depth is an average value of uncracked
samples on the same column specimen. For cracked concrete
parts, represented by solid lines in Figure 8, the chloride
content at each depth is an average value of cracked samples
on the same specimen. For all chloride profiles, when the
depth was more than 10mm, the chloride content changed
little as the depth increased.

As shown in Figure 8, the chloride content of cracked
concrete was similar to the chloride content in uncracked
concrete for column specimen COL-2 (𝑤

𝑚
= 0.06mm).

This could be attributed to the self-healing effect observed in
Figure 7.Thewhite deposit blocked the flow path of crack and
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Figure 9: Chloride diffusion coefficient of all samples of column
specimens.

consequently impeded the chloride penetration according to
the study of Şahmaran [2].

For column specimens COL-3 (𝑤
𝑚

= 0.11mm) and
COL-4 (𝑤

𝑚
= 0.15mm), the chloride contents of cracked

concrete were larger than the chloride contents of uncracked
concrete. This finding implies that the chloride diffusivity of
column specimens was accelerated when 𝑤

𝑚
was larger than

0.11mm.

3.2.2. Chloride Diffusivity of Uncracked and Cracked Con-
crete. The apparent chloride diffusion coefficients 𝐷

𝑎
of

seven samples of all specimens COL-1∼COL-4 are given
in Figure 9. As shown in Figure 9, the apparent chloride
diffusion coefficients in cracked concrete are higher than
those in uncracked concrete. The apparent chloride diffusion
coefficients 𝐷

𝑎
obtained on uncracked and cracked concrete

parts of column specimens COL-1∼COL-4 are shown in
Figure 10 for comparison. For uncracked concrete parts of
specimens COL-1∼COL-4, represented by dashed lines in
Figure 10, the apparent chloride diffusion coefficient is an
average of uncracked samples in the same specimen.

From Figures 9 and 10, it is can be deduced that 𝐷
𝑎
in

cracked concrete increased as crack width increased. When
the crackwidthwas less than 0.06mm, the difference between
average 𝐷

𝑎
values in cracked and uncracked concrete was

minor. When the crack width exceeded 0.11mm, the average
𝐷
𝑎
in cracked concrete increased drastically. For column

specimenCOL-4,𝐷
𝑎
in cracked concrete (29.06× 10−12m2/s)

was 4.93 times𝐷
𝑎
of uncracked concrete (5.89 × 10−12m2/s).

Moreover, 𝐷
𝑎
in Crack 2 of specimen COL-4 (29.06 ×

10
−12m2/s) was 7.23 times the average 𝐷

𝑎
of uncracked

specimen COL-1 (4.02 × 10
−12m2/s). It is concluded that the

wider cracks expedited the chloride penetration significantly.
Although the concrete was visually uncracked, the aver-

age 𝐷
𝑎
increased from COL-1 to COL-4. What is more, 𝐷

𝑎

in uncracked concrete of COL-4 (5.89 × 10−12m2/s) was
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Figure 10: Chloride diffusion coefficient of uncracked and cracked
concrete of column specimens.
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Figure 11: Time to corrosion initiation of uncracked and cracked
concrete of column specimens.

1.47 times the average 𝐷
𝑎
of the unloaded column specimen

COL-1 (4.02 × 10−12m2/s). A possible explanation is that the
sustained mechanical load generated microcracking in the
concrete tension zone and microcracking increased chloride
diffusivity. In the study of Gowripalan et al. [5] the same
explanation was given.

3.2.3. Predicted Time to Corrosion Initiation of Cracked
RC Column Specimens. The calculated time to corrosion
initiation 𝑇 of both uncracked and cracked concrete of
column specimens COL-1∼COL-4 is shown in Figure 11 for
comparison.

As can be seen from Figure 11, when the crack width was
more than 0.11mm, 𝑇 decreased sharply and the difference
between 𝑇 values of uncracked and cracked concrete became
larger. This is due to the fact the presence of cracks increased
the chloride diffusion coefficient and consequently shortened
the resulting time to corrosion initiation. It can be concluded
that, for RC structures in service, the cracks had an adverse
effect on time to corrosion initiation. The adverse effect of
cracks depended on its width.

This study focused on the RC structures in cold coastal
region or under deicing conditions. It was highlighted that
different levels of service loads resulted in different crack
widths of RC structures under alternate action of freeze-
thaw cycles and seawater immersion, based on which the
time to corrosion initiation was evaluated. The results could
provide technical reference for durability design of reinforced
concrete structures in cold coastal environment or under
deicing conditions.

3.3. Results andAnalysis of Static Loading Test. For all column
specimensCOL-0∼COL-4 the failuremode of static eccentric
compression loading was ductile failure of large eccentric
compression, where tensile reinforcement bars yielded and
then concrete in the compression zone crushed. During
static loading, the cracks in specimensCOL-2∼COL-4, which
were closed after the sustained load was removed, opened
again and became the major cracks of eccentric compression
failure. The static loading results are summarized in Table 3.
As can be seen from Table 3, the yield load and ultimate load
decreased as 𝑤

𝑚
increased, whereas the ductility coefficient

𝛿
𝑢
/𝛿
𝑦
showed no obvious tendency.The ratio 𝛿

𝑢
/𝛿
𝑦
indicates

the deformation capacity of column specimens after yielding
of longitudinal bars.The yield load and ultimate load of COL-
4 (𝑤
𝑚
= 0.15mm)decreased by 17.0% and 18.9%, respectively,

with COL-1 as reference. This implied that COL-4 could not
satisfy the safety requirements.The results demonstrated that,
under combined action of freeze-thaw cycles and seawater
immersion, the presence of cracks had a significant impact
on performance degradation of RC columns.

When the sustained load was applied, that is, at an age of
28 d, the column specimens already showed initial damage
which had an adverse effect on mechanical performance.
The 75 days of alternate exposure would accelerate the initial
damage. What is more, the concrete strength decreased due
to freeze-thaw cycles [15] and the presence of cracks would
accelerate chloride ingress after depassivation steel corrosion.
After 75 days of alternate exposure, corrosion was observed
at intersections of the rebar with cracks. The degradation
of concrete strength, corrosion of steel bar, and damage of
preloading led to the loss of mechanical performance after
combined action of alternate exposure and cracks.

The load-deflection curves of column specimens COL-
0∼COL-4 are shown in Figure 12. As can be seen from
Figure 12, both the ultimate load and ductility of specimen
COL-0 are maximumwhereas the ultimate load and ductility
of specimen COL-4 are minimum. For column specimens
COL-0∼COL-4, the ductility shows no clear trend.
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Table 3: Summary of static loading test results on column specimens.

Specimen 𝑤
𝑚

(mm)
Yield load

(kN)
𝛿
𝑦

(mm)
Ultimate load

(kN)
𝛿
𝑝

(mm)
𝛿
𝑢

(mm)
Ductility
𝛿
𝑢
/𝛿
𝑦

COL-0 0 174.3 2.76 185.0 4.06 5.81 2.11
COL-1 0 170.1 2.65 174.7 3.47 3.84 1.45
COL-2 0.06 160.2 3.11 171.6 3.76 5.94 1.91
COL-3 0.11 157.2 2.99 166.3 3.21 5.50 1.84
COL-4 0.15 141.2 3.11 141.7 3.22 3.27 1.05
Note: 𝑤𝑚: maximum crack width; 𝛿𝑦: deflection at yield load; 𝛿𝑝: deflection at ultimate load; 𝛿𝑢: deflection at 85% of ultimate load on the descending portion
of the load-deflection curve.
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Figure 12: Load-deflection curves of column specimens.

4. Conclusions

In this study, cracked RC column specimens were continually
exposed to an aggressive environment of freeze-thaw cycles
and seawater immersion for 75 days. Following this exposure
the static loading test was conducted on these specimens.
After mechanical failure, RC column specimens were sam-
pled for chloride profiling, and subsequently the chloride
diffusion coefficient was calculated. This information was
used to predict the time to corrosion initiation based on an
assumed critical chloride content. Conclusions specifically
related to the cracks are as follows:

(1) Different crack widths were induced on RC column
specimens by a sustained load. After the exposure of
300 cycles of freeze-thaw and seawater immersion (75
times), the yield load and ultimate load of column
specimen decreased as the maximum crack width
increased. When the maximum crack width was
0.15mm, compared to a RC column specimen with-
out cracks, the yield load and ultimate load decreased
by 17.0% and 18.9%, respectively, which means that
the combined effect of freeze-thaw cycles, seawater

immersion, and cracks on mechanical performance
was considerable.

(2) Sustained load induced cracks in concrete. When
the crack width was less than 0.06mm, the effect of
cracks on chloride ingress may be neglected. When
the crack width exceeded 0.11mm, cracks accelerated
the chloride ingress.

(3) Based on calculated predictions, for RC structures in
cold coastal region or under deicing conditions, the
time to corrosion initiation decreased as crack width
increased. When the crack width was more than
0.11mm, a clear decline of time to corrosion initiation
was obtained as a consequence of accelerated chloride
diffusivity.

In this study, the durability of cracked column specimens was
tested and evaluated from chloride ingress and mechanical
performance. Both the number of specimens and chloride
penetration depth after 75 days of alternate exposure were
limited to allow for in-depth comparison and conclusions.
Further studies will be performed to investigate the effect of
cracks onmechanical performance and chloride penetration.

Notations

𝛿
𝑦
: Deflection at yield load

𝛿
𝑝
: Deflection at ultimate load

𝛿
𝑢
: Deflection at 85% of ultimate load on the
descending portion of the load-deflection
curve

𝐷
𝑎
: Apparent chloride diffusion coefficients

𝑤
𝑚
: Max cracks width.
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[2] M. Şahmaran, “Effect of flexure induced transverse crack
and self-healing on chloride diffusivity of reinforced mortar,”
Journal of Materials Science, vol. 42, no. 22, pp. 9131–9136, 2007.

[3] C. Q. Li, “Corrosion initiation of reinforcing steel in concrete
under natural salt spray and service loading-Results and analy-
sis,” ACI Material Journal, vol. 97, no. 6, pp. 690–697, 2000.

[4] P. P. Win, M. Watanabe, and A. Machida, “Penetration profile
of chloride ion in cracked reinforced concrete,” Cement and
Concrete Research, vol. 34, no. 7, pp. 1073–1079, 2004.

[5] N. Gowripalan, V. Sirivivatnanon, and C. C. Lim, “Chloride
diffusivity of concrete cracked in flexure,” Cement and Concrete
Research, vol. 30, no. 5, pp. 725–730, 2000.

[6] H. Wang, C. Lu, W. Jin, and Y. Bai, “Effect of external loads
on chloride transport in concrete,” Journal of Materials in Civil
Engineering, vol. 23, no. 7, pp. 1043–1049, 2011.

[7] T. Cheewaket, C. Jaturapitakkul, and W. Chalee, “Concrete
durability presented by acceptable chloride level and chloride
diffusion coefficient in concrete: 10-year results in marine site,”
Materials and Structures, vol. 47, no. 9, pp. 1501–1511, 2014.

[8] S. J. Kwon, U. J. Na, S. S. Park, and S. H. Jung, “Service
life prediction of concrete wharves with early-aged crack:
probabilistic approach for chloride diffusion,” Structural Safety,
vol. 31, no. 1, pp. 75–83, 2009.

[9] M. K. Alkam and M. Alqam, “Prediction of the service life
of a reinforced concrete column under chloride environment,”
Advances inMaterials Science and Engineering, vol. 2015, Article
ID 156298, 8 pages, 2015.

[10] S. J. Jaffer and C. M. Hansson, “The influence of cracks
on chloride-induced corrosion of steel in ordinary Portland
cement and high performance concretes subjected to different
loading conditions,” Corrosion Science, vol. 50, no. 12, pp. 3343–
3355, 2008.

[11] O. Poupard, V. L’Hostis, S. Catinaud, and I. Petre-Lazar, “Cor-
rosion damage diagnosis of a reinforced concrete beam after
40 years natural exposure in marine environment,” Cement and
Concrete Research, vol. 36, no. 3, pp. 504–520, 2006.

[12] S. Yoon, K. Wang, W. J. Weiss, and S. P. Shah, “Interaction
between loading, corrosion, and serviceability of reinforced
concrete,” ACI Structural Journal, vol. 97, no. 6, pp. 637–644,
2000.

[13] A.A. Torres-Acosta, S. Navarro-Gutierrez, and J. Terán-Guillén,
“Residual flexure capacity of corroded reinforced concrete
beams,”Engineering Structures, vol. 29, no. 6, pp. 1145–1152, 2007.

[14] G. Malumbela, M. Alexander, and P. Moyo, “Variation of steel
loss and its effect on the ultimate flexural capacity of RC beams
corroded and repaired under load,” Construction and Building
Materials, vol. 24, no. 6, pp. 1051–1059, 2010.

[15] B. Diao, J. Zhang, Y. Ye, and S. Cheng, “Effects of freeze-thaw
cycles and seawater corrosion on the behavior of reinforced air-
entrained concrete beams with persistent loads,” Journal of Cold
Regions Engineering, vol. 27, no. 1, pp. 44–53, 2013.

[16] Z. Liu, B. Diao, andX. Zheng, “Effects of seawater corrosion and
freeze-thaw cycles onmechanical properties of fatigue damaged
reinforced concrete beams,” Advances in Materials Science and
Engineering, vol. 2015, Article ID 536487, 15 pages, 2015.

[17] GB/T 50082-2009, Experimental Methods of Long-Term Proper-
ties and Durability of Normal Concrete, China Architectural &
Building Press, Beijing, China, 2009 (Chinese).

[18] JTJ 270-98, “Testing code of concrete for port and waterwog
engineering,” Tech. Rep., China Communications Press, Bei-
jing, China, 1998 (Chinese).

[19] B. H. Oh, S. Y. Jang, and Y. S. Shin, “Experimental investigation
of the threshold chloride concentration for corrosion initia-
tion in reinforced concrete structures,” Magazine of Concrete
Research, vol. 55, no. 2, pp. 117–124, 2003.

[20] M. Collepardi, A. Marcialis, and R. Turriziani, “Penetration of
chloride ions into cement pastes and concretes,” Journal of the
American Ceramic Society, vol. 55, no. 10, pp. 534–535, 1972.

[21] J. Crank, The Mathematics of Diffusion, Clarendon Press,
Oxford, UK, 2nd edition, 1975.

[22] L. P. Tang and L. O. Nilsson, “Chloride diffusivity in high
strength concrete at different ages,” Nordic Concrete Research,
vol. 11, no. 1, pp. 162–171, 1992.

[23] CECS 220:2007, Standard for Durability Assessment of Con-
crete Structures, China Architectural & Building Press, Beijing,
China, 2007 (Chinese).

[24] M. D. A. Thomas and E. C. Bentz, Computer Program for
Predicting the Service Life and Life-Cycle Costs of Reinforced
Concrete Exposed to Chlorides, Life365 Manual, SFA, 2002.

[25] L. P. Tang and J. Gulikers, “On the mathematics of time-
dependent apparent chloride diffusion coefficient in concrete,”
Cement and Concrete Research, vol. 37, no. 4, pp. 589–595, 2007.



Research Article
Optimization of Life Cycle Extension of Asphalt Concrete
Mixtures in regard to Material Properties, Structural Design,
and Economic Implications

Jan Mikolaj, Lubos Remek, and Matus Kozel

University of Zilina, Zilina, Slovakia

Correspondence should be addressed to Lubos Remek; lubos.remek@fstav.uniza.sk

Received 13 June 2016; Revised 25 July 2016; Accepted 16 August 2016

Academic Editor: Antônio G. de Lima
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Design of ACM life cycle is defined with respect to traffic load acting on the pavement and road class for a period of about 20
years. In practice, reconstruction is usually pending until the end of the life cycle after which the reconstruction takes place and the
original materials are replaced by new materials. Life cycle of the pavement construction in road structure is significantly longer
than that of the ACM; it is therefore necessary to consider ACM from a long term viewpoint, that is, exceeding their life expectancy.
This paper describes a methodology which consists of analytical calculations, experimental measurements, and optimization of the
ACM life cycle with the use of a rehabilitation action to provide new physical properties of pavement surfacing in different periods
of the original life cycle. The aim is to attain maximal economic effectiveness, by minimizing financial costs for rehabilitation
and maintenance and economic costs of road user. Presented method allows deriving optimal life cycle from various rehabilitation
alternatives for particular ACMwith the fact that all the necessary parameters are derived from specific experimentalmeasurements
and calculations. The method is applicable to all types of ACM materials; however, for each material, it is necessary to carry out
the necessary measurements and tests. The article describes the methodology and case study results for a particular type of ACM
material.

1. Introduction

Modelling of ACM life cycle applied in the pavement
construction depends on the rehabilitation implementation
method (mill-and-replace/recycle, overlays, etc.), but also it
is from time in which rehabilitation was carried out. For the
LCCA (Life Cycle Cost Analysis), life expectancy of ACM
layer and degradation functions of original and new layers
are the critical parameters. It can be said that the credibility
or accuracy of LCCA analysis is directly proportional to the
accuracy of life expectancy calculation of the ACM layer
and the degradation functions. Given that ascertainment
of necessary data is quite complicated and requires access
to computational methods and experimental devices, usual
input data of the LCCA are generally known data, that
is, software where these data are incorporated but are not
available for the user to verify [1–3]. In fact, however, the
ACM layers compose different asphalt, different thicknesses,

and different aggregate, in various mixing ratios. The pave-
ment is also subject to various climatic conditions and
maintenancemethods, especially duringwintermaintenance.
Therefore, their behaviour over long periods of time differs
quite significantly and their generalization is a cause of great
uncertainty.

Method based on the design and evaluation of ACM
rehabilitation in the framework of the life cycle requires a
combination of analytical and computational models and
experimental measurements on sections which are subject to
traffic loading in real-life operation. In the analytical part,
methods are proposed to calculate the design of the pavement
construction with ACM surfacing, fatigue characteristics are
defined as trend lines of ACM life expectancy, and computa-
tion models are defined for calculation of the life cycle and
economic efficiency of all proposed variants. Experimental
part consists of an experiment to determine the basicmaterial
and fatigue characteristics and deformation trend lines.
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Figure 1: Flowchart: Life cycle extension of the ACM.

Life cycle of ACMmaterials in the pavement construction
is defined through the analytical calculation method of pave-
ment construction, where life expectancy is derived through
the fatigue characteristics of materials used. However, the
ACM life cycle itself can be defined by means other than
fatigue characteristics, for instance, permanent deformation
expressed through pavement unevenness and foremost rut-
ting (transverse unevenness).

Based on ACM life cycle defined through the material
fatigue and permanent deformation expressed by uneven-
ness, it is possible to design rehabilitation variant-recycling or
overlay at different times within the life cycle. These variants
extended the original life cycle. In terms of efficiency, variants
of the rehabilitation are evaluated by means of Cost Benefit
Analysis (CBA) and mathematical optimization model. The
flowchart encompassing processes described in this paper is
shown in Figure 1.

2. Experimental Pavement Model

The proposed methodology allows analysing each type of
ACM layer individually and calculating the LCA for particu-
lar conditions. In addition to triaxial bendingmachine for the
measurement of ACM fatigue characteristics, experimental
accelerated pavement testing facility was constructed for
ascertainment of degradation functions which allows deriv-
ing degradation trend lines for particular ACM in particular
climatic conditions. These precise results are then applied to
the LCA calculationmethod, economic efficiency evaluation,

Wearing course AC 11 O; CA 35/50; I 40mm thick
Base course AC 16 P; CA 35/50; I 80mm thick
Subbase mechanically bound aggregate;
31.5GB 180mm thick
Gravel subbase; 31.5 (45) GC 200mm thick

Figure 2: Pavement structure.

and optimization. Therefore, experimental pavement section
was built on 1 : 1 scale, on which heavy truck axle acted as
a simulated traffic load prescribed as equivalent single axle
load.

In order to define ACM life cycle in the pavement
construction and the application of technological variants of
rehabilitation, a standard pavement type usual for a primary
road was designed. The pavement was designed according to
standardmethodology [4] for aminimum level of traffic load:
2 × 106 design axles. The entire pavement was subsequently
built in the laboratories of the Department of Construction
Management at the University of Zilina. The experimental
model of pavement construction is shown in Figure 2.

Pavement structure layers are designed from generic
materials defined in national standards.The pavement itself is
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Table 1: Material characteristics of pavement layers.

Layer Complex modulus Strength Poisson number Layer thickness
AC 11 O 10891 3.2MPa 0.33 40mm
AC 16 P 8317 2.4MPa 0.33 80mm
MBA, 31.5 GB 586 0.1MPa 0.30 180mm
Gravel subbase, 31.5 365 0.07MPa 0.30 200mm
Subgrade 100 — 0.35 —

a generic light flexible pavement commonly used for regional
roads. Table 1 contains material characteristics ascertained by
the initial physical measurement of surfacing materials.

2.1. Asphalt Concrete Material Layer

2.1.1. Complex Stiffness Modulus. Measurement of complex
stiffness modulus of ACM in the pavement structure was
carried out according to national standard which is in
compliance with European Union Standards [5]. Complex
stiffness modulus (𝐸∗) is a material temperature and time
variable characteristic of viscoelastic deformation under
short term oscillating stress load. It is the proportion of
maximal amplitude of excitation stress and the induced strain
in steady harmonic oscillation with respect to their mutual
phase shift. It represents the attenuation by asphalt bound
materials. The frequency is determined by the length of the
amplitude (𝑇) in volts (𝑉). The frequency (𝑓) is calculated as
follows:

𝑓 =

1

𝑇

[Hz] . (1)

The test results are evaluated separately for each selected
test temperature and frequency. The result is the arithmetic
average of several complexmodulusmeasurements andphase
shift (𝜑), at a given temperature and frequency. Complex
modulus is a ratio of stress (𝜎

0
) and deformation (𝜀

0
) at steady,

harmonically variable oscillation in consideration of their
mutual time shift [6].

𝐸
∗

=

𝜎
0

𝜀
0

= (𝐸
2

1
+ 𝐸
2

2
)

1/2

, (2)

where 𝐸
∗ is complex stiffness modulus, 𝐸

1
is real component

that characterizes the elastic properties, and 𝐸
2
is imaginary

component that characterizes viscous properties.
Measurement of the complex stiffness modulus is per-

formed with utilization of short term alternating harmonic
load. It expresses the proportion of the maximum amplitudes
of excitation tension (0𝑠) and deformation induced by it (0𝑒)
and their phase shift (𝑗). On the basis of measurements per-
formed for different temperatures, 𝐸∗ values for frequencies
of 1–20Hz were ascertained; these are listed in Table 2.

2.2. Subbase Layers. The measured values on subbase layers
are performed using an LDD and Clegg that, after conversion

Table 2: Complex modulus of AC11 measured at different frequen-
cies.

Temperature ∘C
𝐸
∗ [MPa]

Frequency Hz
1 5 10 15 20

−10 14532 16449 17390 17524 17715
0 10919 13261 14248 14664 15112
10 7060 9171 10002 10430 10891
15 4686 6721 7577 8026 8463
27 1581 2919 3556 3944 4334
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)
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R = 0,8993

CBRSTN721016 = 0,78 · CIV1,12

Figure 3: Clegg and CBR relationship.

based on (3) according to [7], were adjusted to CBR (Califor-
nia Bearing Ratio) values. The results are shown in chart in
Figure 3.

CBRSTN721016 = 0,78 ∗ CIV1,12, (3)

where CIV is Clegg impact value.
Subsequently, the CBR values were converted according

to (3) [8] to (𝐸
𝑁
) value with the use of the following formula:

𝐸
𝑁

= 17,6 ∗ CBR0,64. (4)

3. Fatigue Characteristics

Fatigue characteristics are used in the assessment of pave-
ment resilience against repeated loading. Test temperature
for the endurance test is 10∘C and the frequency of cyclic
loading is 25Hz. The test is carried out at a constant bend of
the test sample during the test. Fatigue tests were carried out
according to the European standard [9]. Results of the fatigue
test are in the form of a Wöhler diagram.

log 𝜀
0𝑗

= 𝑎
𝑗
+ 𝑏 log𝑁, (5)
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where 𝜀
0𝑗

is maximum amplitude of proportional deforma-
tion in the test conditions at the beginning of the measure-
ment, 𝑎

𝑗
, 𝑏 are parameters measured during the fatigue tests

being the stress lines coefficient in the range of 𝑁, and 𝑁 is
the number of load repetitions.

The characteristics of the fatigue are in the equationwhere
the average size of deformation derived from stress lines
derived after 106 loading cycles in microstrain (𝜇m/m).

log(

𝜀
6

10
6
) = 𝑎
𝑗
+ 6𝑏, (6)

where 𝑎, 𝑏 are fatigue parameters and 𝜀
6
is average deforma-

tion derived from fatigue curve after 106 loading cycles in
microstrain [𝜇m/m].

The number of loads corresponding to the initial defor-
mation in the test sample under specified conditions can be
ascertained as

𝑁 = 10
6
(

𝜀
6

𝜀
0

)

𝐵

, 𝐵 = −

1

𝑏

, (7)

where 𝐵 are the fatigue characteristics in the range of 3 to 10.
The results of research [6] lit 6 carried out in the ambit of

fatigue characteristics are presented in Figure 4 and Table 3.

4. The Calculation of the Life Cycle

The life cycle of ACM can be defined through the means
of bearing capacity evaluation on the basis of the stress and
fatigue characteristics up until the point of a breakdown.
In addition, however, the ACM is subject to permanent
deformation as a result of traffic loading, whichmay cause the
loss of operational capability defined by the standard prior to
its failure caused by fatigue. These deformations manifest as
plastic deformations.

4.1. Bearing Capacity. Calculation of the life cycle is possible
on the basis of the calculation method for the design of
pavement structure [4, 10]. This method imposes structural
value for the ACM layers which is expressed by comparing
the calculated radial stress on the bottom of the considered
layer with the strength in the same layer. That in view of the
repeated loading is reduced by a fatigue factor Sn.

SV ≥

𝜎
𝑟𝑖

𝑆
𝑁

∗ 𝑅
𝑖

, (8)

where SV is structural value, 𝜎
𝑟𝑖
is radial stress, 𝑅

𝑖
is strength,

and 𝑆
𝑁
is fatigue characteristic.

The radial stress in the ACM layer is calculated on the
basis of the thickness of the layers, complex modulus, and
Poisson numbers by means of calculation in the layered
elastic half-space model [11]. Calculated stress (𝜎

𝑟𝑖
) is based

on the effects of repeated loading, which is expressed in
terms of the design axle load with the axle weight of 10 tons
(2𝑃 = 100 kN). Behaviour and properties of the materials
used in the pavement construction pertain to certain climatic
conditions; therefore under standard processes three different
periods are considered duringwhich the resiliency and elastic

Table 3: Values of fatigue parameters for mix AC 11 O.

Parameter 𝑎 1/𝑏 𝜀
6
⋅ 10
−6

𝑟
2

Fatigue parameters −15.0754 −0.1927 86.77 0.7871
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Figure 4: Wöhler diagram.

modulus change. In our case, the modelling of the pave-
ment construction behaviour happens in constant conditions
persisting in laboratory where the experimental pavement
section is built. These constitute medium conditions, that is,
constant temperature above +10∘C.

Fatigue characteristic (𝑆
𝑁
) is expressed via parameters (𝑎)

and (𝑏) which represent the shape of the Wöhler curve and
the expected traffic load (𝑁).

𝑆
𝑁

= 𝑎 − 𝑏 ∗ log𝑁
𝐶
, (9)

where 𝑎, 𝑏 are fatigue characteristics.
On the basis of fatigue characteristic measurements

(Section 3) for AC 11 O mixture, the values of fatigue
coefficients 𝑎, 𝑏 are

𝑎 = 1,

𝑏 = 0,11.
(10)

The life cycle of ACM in the pavement construction can
be expressed through (1), on the basis of the stress calcu-
lation in pavement construction and strength and fatigue
characteristics. The structural value must be less than 1, in
order for the stress not to exceed the resiliency value. If it
is exceeded, the ACM is at the end of its useful life and
breaks down. The length of life cycle therefore defines stress
in the ACM layer and a decrease of strength depending on
the traffic load expressed by the fatigue characteristics. For
this reason, stress calculations were made for the pavement
construction and its characteristics for the duration of the
whole life cycle. In Table 4, stress values are listed in various
stages of the life cycle depending on the number of loads and
complex modules, whose values also decrease depending on
the repeated loading. In Figure 5, trend line of stress state, as
well as the decrease of strength resilience due to the fatigue
ACM layer, is presented.

The life cycle itself expressed by utilization structural val-
ues in accordance with (1) is shown in Figure 6. Calculations
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Table 4: Radial stress and strength resiliency values in ACM layers based on Ni.

The number of Ni 0 1.5 × 106 3 × 106 4.5 × 106 6 × 106 7.5 × 106

AC 11 O 𝐸
∗ (MPa) 10891 5998 5759 5620 5521 5445

AC 16 P 𝐸
∗ (MPa) 8317 4580 4398 4291 4216 4158

Stress (MPa) 0,978132 0,634328 0,613133 0,600401 0,591348 0,584278
Strength (MPa) 2,4 0,769512 0,690040 0,643552 0,610568 0,584984

Strength of ACM layer
Radial stress on the bottom of ACM layer
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Figure 5: Relationship between stress in ACM depending on
repeated loading and decrease of ACM strength resiliency depend-
ing on the fatigue trend function.
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Figure 6: Life cycle of ACM in the pavement construction depend-
ing on the number of loading cycles.

show that the life cycle of ACM in the testing pavement
section is defined by 7.5 million of design axle passes. In this
case, the annual traffic load will be max. 375 000 design axle
loads and the life expectancy will be 20 years.

4.2. Permanent Deformation. Detailed knowledge regarding
degradation characteristics in given climatic conditions and
traffic loading can be attained only through experimental
measurements. Credibility of LCA is dependent on the
accuracy of these trend lines. Permanent deformations are
induced by traffic loading and external environment con-
ditions such as temperature, humidity, and radiation. The
material deteriorates to a point where it is no longer suitable
from the viewpoint of operational characteristics and thus
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Figure 7: Life cycle of ACM in the pavement construction depend-
ing on the number of loading cycles.
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ends its life cycle [12]. In contrast to fatigue and its relation
to the residual life expectancy, which can be expressed by
different coefficients [8], for example, this cannot be done
for permanent deformation. It is foremost because of the fact
that ACM is not, during deformation, in elastic nor in plastic
state and the calculations are extremely sensitive to variety
of conditions from the external environment. Therefore,
experimental measurements are used to record pavement
shape changes, and by means of mathematic models envi-
ronmental conditions are directly derived [13, 14]. In our
research, deformation characteristics were obtained through
measurements on the experimental pavement section after
50, 100, and 150 thousand loads. Deformations are shown in
Figure 7. Trend line of deformation in relation to load was
derived and it is shown in Figure 8.

5. Extension of the Life Cycle

The life cycle represents number of load repetitions acting
on ACM layer up to the state of breakdown. For economic
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Table 5: Stress calculations before and after rehabilitation.

Year 5 10 15 20 25 30 35 40
ACM layer thickness
increase (mm) 36 52 62 71 — — — —

AC 11-overlay 𝐸
∗ (MPa) 10891 10891 10891 10891 5445 5445 5445 5445

AC 11 O 𝐸
∗ (MPa) 5945 5682 5551 5445 5354 5304 5248 5205

AC 16 P 𝐸
∗ (MPa) 4540 4339 4239 4158 4088 4051 4008 3975

Stress prior to
rehabilitation (Mpa) 0.751838 0.664456 0.620544 0.584984 0.48615 0.4465 0.42012 0.40146

Stress prior to
rehabilitation (Mpa) 0.508571 0.464004 0.429907 0.40146 0.477312 0.428528 0.404145 0.382118

Original state

5 10 15 20 25 30 35 400
Year
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Figure 9: Rehabilitation design at various stages of the life cycle.

reasons, however, it may not be the cheapest or most
efficient to wait until the very end of the ACM life cycle;
rehabilitation at earlier date may be more efficient. In our
case, the rehabilitation of ACM denotes improvements by
means of overlay or mill-and-replace action, which restores
the original properties of ACM layer and thus shifts the layer
to the beginning of its life cycle [15].This extends the life cycle
of up to 20 years. In terms of analytical computational struc-
tural method, the rehabilitation manifests itself by increased
complex modulus of ACM and by adjusted thickness of the
layer 𝑖. In Table 5, proposal rehabilitation is shown for three
time periods of the life cycle, including rehabilitation at the
end of the initial life cycle. The rehabilitation design lays
in various increases of ACM layer thicknesses in relation
to current state of the ACM material based on analytical
calculation method [4]. The elastic modulus of ACM layer is
shown for each rehabilitation action year and the calculated
stress before and after rehabilitation. Rehabilitation design
in thickness increase (millimetres), rehabilitation year, and
extension of life expectancy are shown in Table 5. Graphically,
individual variants of extended life in different years are
shown in Figure 9.

6. Optimization and Economic Efficiency

Thegist of optimization lies in selection of rehabilitation vari-
ant and yearwhichmaximizes economic efficiency and thus is
optimal. For calculation of economic efficiency, rehabilitation

costs, increased maintenance costs, and increased user costs
have to be considered in case of postponed rehabilitation or
for variant without any rehabilitation. Maintenance and user
costs increase proportionally during the entire life cycle with
operational capability of the pavement surface. The optimal
time of rehabilitation can be calculated with the use of Cost
BenefitAnalysis inwhich the extension of the original life and
related maintenance and user costs are taken into account.
Optimization is a mathematical relationship including all
costs and ACM layer operation.

6.1. Cost Benefit Analysis. The economic efficiency analysis
is carried out with the use of Cost Benefit Analysis (CBA).
CBA evaluates positive impacts, benefits, related to improved
operational parameters of the pavement in comparison to
costs for applied rehabilitation actions. The Payback Period
(PP), Internal Rate of Return (IRR), and Net Present Value
(NPV) are economic indicators of CBA.

Benefits Generated by Rehabilitation Actions. Identification
and calculation of benefits generated through rehabilitated
ACM are a key factor for economic efficiency calculation.
Benefits are calculated as a difference in road user costs before
the rehabilitation action and decreased costs stemming from
improved pavement parameters as a result of the rehabili-
tation action. Benefits may be internal or external. Internal
benefits are the road user costs which consist of vehicle
operating costs and travel time costs. External benefits are
savings from emission, noise, and accident rate reduction.
The road users costs which are under our research work are
the vehicle operation costs, which include fuel consumption,
lubricant consumption, car maintenance, wearing of tires,
and travel time of cargo andpassengers. To be able to calculate
the value of benefitsHDMcoefficients are employed [3]. Road
user costs are a function of the following factors:

RUC = VOC + TTC = 𝑓 (TCH,OC,PCH,VFCH) , (11)

whereRUCare road user costs [€]; VOCare vehicle operating
costs [€]; TTC are travel time costs [€]; TCH is traffic char-
acteristic, intensity and composition of traffic; OC is opera-
tional capacity; PCH are physical characteristics, horizontal
and vertical alignment and category of the communication;
VFCH is vehicle fleet characteristic, category of vehicles and
their technical level (lorries up to 3.5 tons; lorries 3.5–12 tons,
lorries over 12 tons; cars and buses).
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Table 6: The results of the rehabilitation, maintenance, and user costs.

Variant Variant scenario Rehabilitation 5th
year

Rehabilitation 10th
year

Rehabilitation 15th
year

Rehabilitation 20th
year

Rehabilitation action — Overlay
36mm

Overlay
52mm

Overlay
62mm

Overlay
71mm

Investment cost 0€ 69 084€ 99 788€ 118 978€ 136 249€
Maintenance cost 846 938€ 858 066€ 941 350€ 1 162 456€ 1 581 330€
Road agency cost 846 938€ 927 150€ 1 041 138€ 1 281 434€ 1 717 579€
Road user costs

Vehicle operating cost 8 316 431€ 9 995 382€ 11 689 165€ 13 594 956€ 16 045 362€
Travel time cost 822 241€ 973 891€ 1 125 826€ 1 290 801€ 1 569 194€
Total road user cost 9 138 673€ 10 969 273€ 12 814 991€ 14 885 757€ 17 614 555€

Life cycle length 20 25 30 35 40
Optimization index 0 475 857 461 871 461 920 483 303
CBA

NPV — 20 333€ 26 739€ 14 527€ 1 438€
IRR — 48.30% 155.10% 139.40% 99.50%
PP — 6 11 15 20

Road user benefits are calculated as savings, that is,
difference between higher road user costs prior to the
rehabilitation action and lower road user costs after the
rehabilitation action. Each rehabilitation method has its
expected serviceability, defined by its pavement performance
functions:

RUB =

𝑧

∑

𝑡=1

[(RUCDS − RUCDN) ⋅ 𝑘DEG ⋅ 𝑘ATG]
𝑡
, (12)

where RUB are road user benefits [€]; RUCDS are road
user costs in “do something” variant [€]; RUCDN are road
user costs in “do nothing” variant [€]; 𝑘DEG is coefficient
of function predicting condition of the pavement; 𝑘ATG is
annual transportation growth coefficient.

Calculation of economic efficiency for the experimental
pavement section was performed on the basis of rehabil-
itation, maintenance, and user costs for different variants
according to Figure 8. Quantification of road user costs was
made for arterial road with usual traffic flow with yearly
equivalent axle loads described in previous chapters. The
results are shown in Table 6. Rehabilitation costs are market
averages, and user costs were quantified with the use of
Highway Development and Management Software endorsed
by the World Bank.

6.2. Optimization Model. Based on the trend line for service
life and economic efficiency model for optimization of costs
was created. Optimization model allows for the estimation
of “optimal time” for rehabilitation. Constantly evolving
mathematical model [16] for the calculation of optimal time
has three parts: pavement rehabilitation costs, maintenance
costs, and user costs. Optimal time is calculated as the sum of
construction costs for the rehabilitation, maintenance costs,
and user costs before rehabilitation and after the action. This

sum of costs is divided by the number of years of newly
extended service life. This is shown in (13). The model shows
that the later we carry out the reinforcement, the more
expensive the rehabilitation will be in terms of construction
and user costs. Rehabilitation prior to the optimal time will
produce little change to the user cost and small extension of
service life. Even greater precision of this calculation optimal
life is attained if we take into account the maintenance costs
for variantswith andwithout the rehabilitation.Optimization
index is computed for each year of the whole service life.

OI =

(RC + MCBR + MCAR + UCBR + UCAR)

Tt
, (13)

where OI is optimization index; RC are rehabilitation costs
[€]; MCBR aremaintenance costs [€]; MCAR aremaintenance
costs [€]; UCBR is sum of user costs before rehabilitation [€];
UCAR is sum of user costs after rehabilitation [€]; Tt is the
number of years of extended service life.

The optimization calculation was performed using eco-
nomic efficiency data from Table 6. Two possibilities were
considered, the first one includes the rehabilitation and
maintenance costs, and the other one incorporates also the
user costs.

The results, lowest optimization index value, indicate that
the optimum results are obtained when the rehabilitation
action is carried out in 10th year of the original life cycle; the
rehabilitation type required is an overlay of 50 millimetres.
Optimization index values and OImin value in particular are
shown in Figure 10.

7. Conclusion

This paper describes topical issues of Asphalt Concrete
Mixture life cycle assessment and optimization of this process
on a case study for particular ACM layer. It elaborates
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Figure 10: Optimization index calculation. (a) CBA without user cost; (b) CBA with user costs.

on the whole process of the calculation and derivation of
characteristics for the selected type of ACM. It was proven
that with the use of this methodology it is possible to
characterize any ACM and its optimal life cycle. All the
necessary characteristics are obtained by means of our own
measurements and thus apply for the particular combination
of material, climatic conditions, and traffic conditions. The
actual definition of the life cycle—and the description of
its characteristics—requires a design of methodology that
consists of analytical computation methods and actual mea-
surements on experimental pavement sections. This paper
describes how the combination of these methods can be
used to define life cycle and how different rehabilitation
technologies performed in different periods of the life cycle
can be evaluatedwhenmodelling life cycle extension.The aim
of presented calculations and experiments is the finding of
optimal time of rehabilitation of ACM surfacing layer, thus
finding method to extend the life cycle for the lowest sum
of economic costs. In first chapters of the paper, detailed
analytical calculation method for pavement material design
is described and its application for determining service life
is presented. Experimental pavement section is described on
which measurements were made to support this life cycle
analysis method. The input physical and fatigue characteris-
tics of the materials are described for materials constituting
ACM surfacing layer of the experimental pavement section.
These characteristics are shown in more detail, in order
to provide the reader with application framework of these
methods. Subsequently, the calculation of ACM life cycle
and its extensions are presented. Values that are necessary
to measure during pavement operation are derived from
experimental pavement model. Economic calculations are
made using common methods with the computation model
of the World Bank. Optimization procedure is the result of
research works.
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Žilina, Žilina, Slovakia, November 2014.

[15] G.-F. Peng, Y.-Z. Huang, H.-S. Wang, J.-F. Zhang, and Q.-
B. Liu, “Mechanical properties of recycled aggregate concrete
at low and high water/binder ratios,” Materials Science and
Engineering, vol. 2013, Article ID 842929, 6 pages, 2013.

[16] J. Mikolaj, F. Schlosser, and L. Remek, “Life-cycle cost analysis
in pavement management system,” in Communications, vol. 15
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Fundamental properties of magnesium phosphate cement (MPC) were investigated in this paper.The setting time and compressive
and bond (i.e., flexural and tensile bond) strengths were measured to assess the applicability, and hydration product was detected
by the X-ray diffraction. The specimens were manufactured with magnesia and potassium dihydrogen phosphate (K

2
HPO
4
)

was added to activate hydration process. The Borax (Na
2
B
4
O
7
⋅10H
2
O) was used as a retarder to mitigate overwhelming rapid

hardening. Mercury intrusion porosimetry was used to examine the pore structure of MPC mortar, and simultaneously rapid
chloride penetration test was performed. As a result, the compressive strength of MPC mortar was mostly achieved within 12
hours; in particular, the MPC mortar at 4.0 of M/P ranked the highest value accounting for 30.0MPa. When it comes to tensile
and flexural bond to old substrate in mortar patching, the MPS had the higher tensile and flexural strengths, accounting for 1.9 and
1.7MPa, respectively, compared to OPC mortar patching. Unlike Portland cement mortar, the MPC mortar contained mainly air
void rather than capillary pores in the pore distribution. Presumably due to reduced capillary pore in the MPC, the MPC indicated
lower penetrability in the chloride penetration test.

1. Introduction

Concrete structuremay often suffer fromanunexpected dete-
rioration in terms of pop-out arising from physical/chemical
delamination and corrosion of steel reinforcement.Moreover,
internal cracking has still a potential risk of degradation
of concrete properties, subsequently leading to structural
failure [1, 2]. Thus, regular repair and rehabilitation would be
required to secure a structural safety. However, unlike other
civil infrastructures, the traffic restriction during the repair of
pavement costs high; only a couple of hours are given for the
repair treatment at night to avoid congestion of transporta-
tion. Additionally, the conventional repair materials such as
ordinary Portland cement and hot-mix asphalt may face early
degradation due to a debondment from the existing substrate
[3–6].

A recent study reported that magnesium phosphate
cement (MPC) can rapidly harden to gain the strength in a
short duration, ranging about several hours to the level of
normal strength of ordinary Portland cement concrete [7, 8].

Typically used MPC was produced by using ammonium
phosphate [9, 10]. However, ammonium gas is generated
during hydration product and this causes serious odour. Due
to its disadvantage, many researchers have effort on finding
other phosphate slat. As a result, they found potassium
dihydrogen phosphate (KH

2
PO
4
) as a replacement. Further

studies on MPC using potassium dihydrogen phosphate
showed that it has high bond strength [11, 12] and low drying
shrinkage [13]. However, limited investigation has been con-
ducted on applying MPC for repair of concrete pavement.

In present study, to verify the feasibility of the MPC
as a repair mortar to concrete pavement, the setting time
was measured by a monitoring of the penetration resistance
to fresh mortar, and simultaneously a development of the
strength was evaluated. To evaluate its properties with old
substrate, bond strength was performed. Additionally the
pore structure of MPC mortar was examined by mercury
intrusion porosimetry to explain the relation between the
porosity and mechanical properties and also explain the
relation between pore distribution and ionic permeability.
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Table 1: Chemical composition of magnesia and ordinary Portland cement.

Binder type Oxide composition (%) Ignition loss (%) Fineness (cm2/g)
CaO SiO

2
Al
2
O
3

Fe
2
O
3

MgO SO
3

Magnesia (MgO) 4.1 3.3 0.5 2.2 88.5 0.1 — 5089
OPC 60.0 23.0 5.0 2.0 1.0 2.0 2.1 3120

Table 2: Mix proportion of MPC paste/mortar.

Binder Activator Type W/M M/P ratio B/M ratio S/(M + P)

MgO KH
2
PO
4

Paste 0.2
1.0
4.0
8.0
12.0

Without borax

—
0.02
0.04
0.08
0.10

MgO KH
2
PO
4

Mortar 0.2
1.0
4.0
8.0
12.0

Without borax

1.50
0.02
0.04
0.08
0.10

2. Experimental Works

2.1. Materials and Specimen Preparation. To assess the mech-
anical properties of magnesium phosphate cement (MPC)
mortar, magnesia was used as a binder, while ordinary
Portland cement (OPC) was used for the control. The oxide
composition of binders was measured by X-ray fluorescence
as given in Table 1. The fineness of magnesia and OPC was
5,089 and 3,120 cm2/g, respectively. To activate the hydration
process in MPC matrix, potassium dihydrogen phosphate
was admixed. The purity of MgO exceeded 88.5% and
KH
2
PO
4
exceeded 99.8%. MPC paste specimens were cast

for a measurement of X-ray diffraction (XRD) analysis. Mix
proportion for MPC paste was varied with MgO/phosphate
(M/P) ratio and borax/MgO (B/M) and water/MgO (W/M)
was 0.20 (Table 2). To observe the hydration product ofMPC,
M/P of 4, B/M of 0.08, and W/M of 0.20 were used. MPC
mortar specimens were cast for a measurement of mech-
anical properties (setting time, compressive strength, ten-
sile/flexural bond strength) and pore structures.

2.2. Testing for Development of MPC. The setting time was
determined by the penetration resistance of fresh mortar,
measuring periodically its behavior with vicat needles. The
initial setting time was determined when penetration depth
reached to 25mm and the final setting time was determined
when needle does not mark the specimen surface with a
complete circular impression. The size of needle was 50mm
height and 1mm diameter. The mortar specimen was used in
this experiment and the cylinder rubber mould sized 𝜙80 ×
40mmwas used. Simultaneously the compressive strength of
MPC mortar was measured, using a cubic specimen (50 ×
50 × 50mm) at 1-, 3-, 12-, and 24-hour and 28-day curing.
The specimen was wrapped to cure at 25∘C in a polythene
film, immediately after demoulding to avoid leaching-out of

ions. The replication of each measurement was 3 and their
average value was taken as the value of strength. When it
comes to bond strength, tensile and flexural bond strength
was simultaneouslymeasured. For the flexural bond strength,
the margin of MPC mortar was 50 × 200 × 400mm, and for
the tensile bond strength 50 × 10 × 50mm, respectively, as
given in Figure 1.

2.3. Chemistry of MgO Based Cement. The X-ray diffraction
(XRD) analysis was used to characterize hydration products
in MPC paste. After 28 days of curing, the paste specimen
was dried in the oven at 50∘C for 48 hours to get rid of
the pore water. Then the powder sample was obtained by
X-ray diffraction (XRD) analysis, which was conducted by
a device D/MAX RINT 2000 with an analyzing range (2𝜃):
20–70∘; scan rate: 4∘/min; voltage: 40 kV; current density:
100mA; tube target: Cu; and wave length: 1.5405 Å (Cu/K-
𝛼1), respectively.
2.4. Pore Structure. The mercury intrusion porosimetry
(MIP) was used to investigate the pore distribution and pore
volume of the MPC mortar. A piece of crushed sample was
obtained from the middle of the mortar specimen right after
the drying process at 50∘C for 48 hours.Then the sample was
placed in a tube filled with mercury. The obtained sample
was initially evacuated to about 50𝜇m mercury and the low
pressure was generated up to 0.20MPa by nitrogen gas. The
samplewas subsequently imposed bymercury filling pressure
ranging from 3.7 × 10−3 to 413MPa, so that the mercury
intrusion volume was recorded at a corresponding pressure.
The pore diameter was derived from the pressure using the
Washburn equation as given in

𝑑 = −4𝛾 cos 𝜃𝑃 , (1)
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Old substrateOld substrate New
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New (MPC)
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Figure 1: Schematic for measuring (a) the flexural and (b) tensile bond strength.
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Figure 2: Setup for rapid chloride ion penetration test.

where 𝑑 is the pore diameter (𝜇m); 𝛾 is the surface tension
(dynes/cm);P is the pressure (MPa); and 𝜃 is the contact angle
(∘) in which the present study took this value as 130∘.

2.5. Ionic Permeability. The rapid chloride permeability test
(RCPT) was used to assess the permeability of MPC concrete
compare to that of OPC concrete. This test is based on the
standard test method of ASTMC 1202. In this study, however,
the mortar specimens were used to minimize the effect
of interfacial transition zone (ITZ). A cylinder specimen,
50mm in thickness and 100mm in diameter, was connected
to two chambers: one was filled with 0.3M of sodium
hydroxide and the other chamber 3.0% of sodium chloride
by weight of water to form electrodes. The experimental
equipment is shown schematically in Figure 2.

Charged current was calculated by (2) as shown in below,
reminding us that if the specimen diameter is other than
95mm, the charge passed to the established by (3)

𝑄 = 𝐼
0
+ 2 ⋅ 𝐼

30
+ 2 ⋅ 𝐼

60
+ 2 ⋅ 𝐼

90
+ ⋅ ⋅ ⋅ + 2 ⋅ 𝐼

300
+ 2

⋅ 𝐼330 + 2 ⋅ 𝐼360
(2)

𝑄
𝑆
= 𝑄
𝑋
× (95𝑋 )

2

, (3)

where 𝑄 is total charge passed (C), 𝐼
0
is initial current

immediately after voltage is applied (A), and 𝐼
𝑡
is current at

𝑡 min. after voltage applied (A), 𝑄
𝑆
is charge passed through

specimen diameter of 95mm (C),𝑄𝑋 is charge passed though
specimen diameter of 𝑋 mm (C), and 𝑋 is diameter of
specimens used (mm).

3. Results and Discussion

3.1. Mechanical Properties of MPC. The time to set measured
by the penetration resistance is given in Figure 3, depending
on M/P ratio and B/M ratio. It is evident that an increase
in the M/P ratio resulted in an increase in the setting time,
irrespective of whether or not borax is admixed. For example,
the final setting time at M/P ratio of 1 was 15.38min, M/P
of 4 was 16.97min, M/P of 8 was 18.10min, and M/P of 16
was 22.61min, when borax was not admixed. Xu et al. [12]
studied properties of MPC mortar and found that the M/P
ratio had a crucial impact to the rate of hydration; the lower
M/P ratio leads to higher hydration heat and this help to have
higher chemical reactivity. Thus, the setting time would be
presumably related to the purity of magnesia. In the present
study, the setting time for the magnesia, of which the purity
accounted for 88.5%, ranged within 15–22mins, while the
setting time was significantly reduced by the higher purity of
magnesia (i.e., 94%) in a previous study [14].

It is clearly seen that the borax increased the setting time
at 0.02–0.08 of B/M ratio. Surprisingly, the MPC mortar at
0.10 of B/M had the lowest setting time. When the ratio of
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M/P is set to 4, for example, the time to set at 0.02 of B/M
was 18.12min, at 0.04 was 20.51min, at 0.08 was 23.14min,
and at 0.10 was 17.13min, respectively. MPC mortar at other
M/P had the similar results. To increase the setting time,
partial replacement with fly ash, ground granulated blast-
furnace slag, or aluminate cement would be alternative to
chemical admixture [15–19]. Notwithstanding, the time to set
seems still very short, ranging from 16.74 to 34.12min. In in
situ testing, it takes usually 2 to 3 hours to cast and patch
immediately after mixing, delivering, pumping and other
procedures. Thus, the setting time must be further obtained
to be reasonable in in situ testing or other techniques; for
example, spraying or rolling must be developed.

The compressive strength of MPC mortar was measured
at 1, 3, 12, 24, and 672 hours, as given in Figure 4. It is seen
that an increase in the curing age resulted in an increase in
the compressive strength of MPC and control mortar. The
compressive strength of MPC is higher than control until 28
days.This is due to high crystallinity ofMgKPO

4
(H
2
O)
6
.This

is a main hydration product of MPC mortar. The hydration
mechanism will be treated in Section 3.2. A development of
the compressive strength for MPC specimens was dependent
on the M/P ratio. For example, the compressive strength of
MPC was 5.47MPa at 1.0 of M/P ratio and 22.8MPa at 4.0,
the highest strength. Then, the strength was reduced by an
increase in the M/P. It may be attributed to the fact that the
lower M/P ratio leads to having higher hydration heat and
this help to have higher chemical reactivity [12].

At 4.0 of M/P, the effect of borax on the compressive
strength forMPCmortarwas examined after 24 hours curing.
Simultaneously, the setting time for borax was measured, as
given in Figure 5. It is clearly seen that an increase in the
B/M ratio resulted in a decrease in the compressive strength.
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Figure 4: Development of compressive strength for MPC and
control mortar specimens depending on the M/P ratio and curing
age without borax.
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0 to 0.10) at M/P of 4 and age of 24 hours.

For example, the compressive strength ofMPCwith no borax
was 33.00MPa, 32.67MPa at 0.02 of B/M, 31.11MPa at 0.04 of
B/M, 29.18MPa at 0.08 of B/M, and 25.46MPa at 0.10 of B/M,
respectively. However, the borax did not always reduce the
rate of hardening process. Until 0.08 of B/M, the setting time
was increased, but beyond this level of borax, the setting time
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was adversely reduced.Thus, a cautious care must be taken in
using the borax to increase the setting time.

The flexural and tensile bond strength measured at 28
days is given in Figure 6. The MPC mortar always had
higher bond strength both tensile and flexural strength,
compared to control mortar patching. For tensile bond,
the MPC mortar produced about 1.9MPa while control
mortar achieved 1.5MPa. The higher level of flexural bon
strength was also observed in MPC mortar. The flexural
bond strength of MPC was 1.7MPa while control mortar
achieved only 1.2MPa. Li et al. [17] also investigated the
tensile and flexural bond strength found using other type of
phosphate such as diammonium phosphate ((NH4)2HPO

4
)

and disodium hydrogen phosphate (Na2HPO
4
⋅12H
2
O) and

had almost doubled the higher strength in flexural strength

when diammonium phosphate was used, which does not,
however, seem suitable due to its environmental issues.

3.2. Hydration Products. The XRD curve of representative
MPC paste (M/P was 4.0 with no borax) after 28 days
of curing was obtained as given in Figure 7. According
to the diffraction peaks, there is a main phase of crystal
product that was found in XRD pattern. MgKPO4⋅6H2O is
themain hydration product ofMPCpaste. Another phasewas
unreacted magnesia (MgO), which would subsequently react
further and could have increased strength. In mechanism
of hydration of MPC, the presence of struvite of potassium
would be key factor in the reaction products, as struvite
can be present in both crystalline and amorphous form. The
reaction process is given by following equations [20]:

KH2PO4 → K+ +H2PO4−

KH
2
PO
4
→ K+ +HPO

4

2− +H+

KH
2
PO
4
→ K+ + PO

4

3− + 2H+

MgO +H
2
O → MgOH+ +OH−

MgOH+ + 2H2O → Mg (OH)2 +H3O+

Mg (OH)2 → Mg2+ + 2OH−

Mg2+ + 6H
2
O → Mg(H2O)62+K+ +Mg(H2O)62+ + PO43− → MgKPO

4
⋅ 6H
2
O (Final hydration form)

(4)

3.3. Pore Structure and Ionic Permeability. Thepore volumeof
MPC mortar measured by the mercury intrusion porosime-
try is illustrated in Figure 8. It is seen that total cumulative
pore volume in the MPC mortar was varied with M/P ratio.
In fact, an increase in the M/P ratio resulted in an increase
in the pore volume. For example, the total cumulative pore
volume ofMPC at 1.0 ofM/Pwas 0.0759mL/g, 0.0831mL/g at
4.0, 0.1107mL/g at 8.0, and 0.1382mL/g at 12.0, corresponding
to 13.9, 15.5, 20.5, and 25.5% in volume, respectively. The
influence of M/P on the porosity may be attributed to pore
formation in the process of hydration. In fact, an increase in
M/P (i.e., increased magnesia) accompanied an increase in
the capillary pore, leading to the entire porosity.

The pore volume and distribution of MPC and control
mortar measured by the mercury intrusion porosimetry are
illustrated in Figure 9. It is seen that total pore volume in
the MPC mortar accounted for 0.074mL/g, corresponding
to 15.5% in porosity. In fact, this level of porosity is slightly
smaller than for OPC mortar ranging within 17–21%. Due to
its smaller porosity, MPC mortar gained higher compressive
strength in present study. This may be due to high crystalline
structure of MgKPO

4
⋅6H
2
O compared to hydration product

such as C-S-H in OPC matrix. It can be said that the pore
structure of theMPC benefits in raising the durability against
degrading environments. For example, the peak intensity at
pore diameter for MPC mortar was in the range of 200 to
4,000 nm, entrained air void, imposing the higher resistance

to freeze and thaw. Entrained air void buffers the expansion
of freezing in pore water to reduce internal stress. In OPC
mortar, the peak intensity at pore diameter was in the range
of 0.04 to 2 nm, as being equivalent to capillary pore which
is related to the ionic transport properties. Moreover, the
capillary pores can make internetwork for ionic transport.

The current passed through the MPC and OPC cells is
plotted with time in Figure 10, together with charges passed
for the duration. The ionic permeability of the OPC concrete
specimen had the higher current and charge, accounting
for 4112.0 C, while MPC concrete specimen was 3238.4 C.
The MPC concrete produced the higher resistance to ionic
transport. A low charge passed in MPC concrete may result
from the pore distribution. In OPC mortar, capillary pores
mostly occupy the pore constitute, which could form an inter-
network for ionic transport. However, in MPC, entrained air
void is mainly constituted in the pore structure. According
to the guided values for the ionic penetration, both concrete
specimens were marked in moderate range as shown in
Table 3, presumably due to absence of grave in mix.

4. Conclusion

In this study, the possibility of MPC mortar for patching
in the pavement was assessed by mechanical properties
and chemical analysis. The test covers the compressive
strength, bond strength to old substrate, and setting time.
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Table 3: Chloride ion penetrability based on charge passed for
concrete specimen (ASTM C 1202-91).

Charge passed (Coulombs) Chloride ion penetrability
>4000 High
2000–4000 Moderate
1000–2000 Low
100–1000 Very low
<100 Negligible

Simultaneously, its hydration product and ionic transport
were examined. To verify the ratio of M/P, the variation in
the M/P was considered. The conclusions derived from the
experimental works are as follows:

(1) The setting time measured by the penetration resis-
tance using vicat needles to fresh mortar ranged from
15.4 to 34.1min, depending on theM/P ratio and B/M
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ratio. An increase in the M/P ratio resulted in an
increase in the setting time. For borax, the setting time
could be increased up to at 0.08 of B/M, but the setting
time was adversely reduced at exceeding this level.

(2) A very rapid development of the compressive strength
was achieved within several hours. The strength
exceeded 22.8MPa after 1 hour, 28.0MPa after 3
hours, and 33.0MPa after 24 hours at 4.0 of the M/P
ratio. However, the compressive strength for MPC
mortar was lowered by addition of borax.

(3) The tensile and flexural bond strength to old substrate
accounted for 1.9 and 1.7MPa, respectively, while the
bond of OPC mortar patching was about 1.5 and
1.2MPa, respectively.
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Figure 10: Charged current with time depending on binder type.

(4) The porosity of MPC measured by the mercury
intrusion porosimetry was in the range of 13.9 to
25.5%, depending on the M/P ratio. An increase in
the M/P ratio resulted in an increase in the porosity,
presumably due to hydration degree of magnesia. In
particular, the entrained air void wasmostly occupied
the pore range of the MPC.
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Compaction of blocks contributes significantly to the strength properties of compressed earth blocks. This paper investigates
the influence of compacting rates on the properties of compressed earth blocks. Experiments were conducted to determine the
density, compressive strength, splitting tensile strength, and erosion properties of compressed earth blocks produced with different
rates of compacting speed. The study concludes that although the low rate of compaction achieved slightly better performance
characteristics, there is no statistically significant difference between the soil blocks produced with low compacting rate and high
compacting rate. The study demonstrates that there is not much influence on the properties of compressed earth blocks produced
with low and high compacting rates. It was further found that there are strong linear correlations between the compressive strength
test anddensity, anddensity and the erosion.However, aweak linear correlationwas foundbetween tensile strength and compressive
strength, and tensile strength and density.

1. Introduction

Compacting is the process of mechanically densifying a
soil by pressing the soil particles together into a close state
of contact so that the entrapped air can be expelled from
the soil mass [1]. Compacting of earth blocks is usually
referred to as tamping. Traditional tamping used wooden
tamper to manually press the earth in a wooden mould
to form the blocks. Currently, earth blocks are compacted
with compressed earth block machines such as advance earth
construction technologies (AECT) compressed earth block
machines [2], CINVA-RAMpress [3], BREPAKblockmaking
machine [4], among others. These presses are not expensive
as they do not require high energy to operate and their
maintenance is not complex [5]. CINVA-RAM press was the
first machine developed to compact soil into a high density
block in Colombia during 1952 [6].

The idea of compacting earth is to improve the quality and
performance of moulded earth blocks [7, 8]. Earth blocks are
often compacted to improve their engineering characteristics,
and this can be done in three ways: (1) dynamic compaction,
(2) static compaction, and (3) vibratory compaction for
earth blocks improvement [9]. Compressed earth blocks are

generally produced by compacting soil in a hydraulic or
electrical block making machine, in which static and control
pressure is applied. Houben and Guillaud [10] have made a
characterisation of moulding pressure for earth/soil blocks:

(i) Very low: 1-2MPa
(ii) Low: 2–4MPa
(iii) Average: 4–6MPa
(iv) High: 6–10MPa
(v) Hyper: 10–20MPa
(vi) Mega: 20–40+MPa

Houben et al. [11] provided an overview of machines and
their compaction pressures as shown in Table 1. Some of
the compaction pressure applied in making earth blocks in
previous studies are provided in Table 2.

Since compaction pressure application in producing earth
blocks is important to the engineering properties of the
blocks, it is also imperative to find out if the rate (speed)
of applying the compaction pressure could as well affect
the properties of the compressed earth blocks. This study
therefore investigates the influence of compacting rate for
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Table 1: Commercial compaction machines and pressure.

Machine Compaction pressure
Altech Geo 50 3.5MPa
Appro-Techno Terstaram 3.6MPa + impact
Ausbildungsverbund AVM CINVA Ram 2.0MPa
Cartem manual elephant block maker 10.8MPa
Ceratec ceraram 2.4MPa + impact
Concrete machinery systems BREPAK 10.8MPa
Nigerian building and road research
NBRRI block making machine 3.0MPA

Sheltertech block press 1-2MPa
Societe nouvelle presse a parpaing 1.1MPa
TTera structure TPM 1.2MPa
Untata 1003 2.5MPa
Urpata 5005 3.7MPa

Table 2: Compaction pressure used for making earth blocks in
previous studies.

Reference Compaction pressure
Burroughs [12] 2.7MPa
Cao et al. [13] 10MPa
Chan [14] 10MPa
Danso et al. [15] 10MPa
Danso et al. [16] 10MPa
Danso et al. [17] 10MPa
Gooding andThomas [18] 2–10MPa
Millogo et al. [19] 2MPa
Walker and Stace [20] 2MPa
Walker [21] 2–4MPa
Walker [22] 2MPa
Donkor and Obonyo [23] 1.6MPa

producing compressed earth blocks on the properties of
the blocks. Furthermore, the study seeks to determine the
correlation between the tests carried out.

2. Experimental Method

2.1. Preparation of Specimen. Themainmaterials used are soil
sample and water. Table 3 reports the characteristics of the
soil used for the experimental work. The results indicate that
the soil is low plasticity clay (CL) soil [24]. The particle size
distribution curve of the soil is shown in Figure 1. Chemical
element/composition of the soil was determined through
inductively coupled plasma-mass spectrometry (ICP–MS)
analysis method in accordance with BS EN ISO 17294-1 [25]
and the result is also reported in Table 3.The pH value of 6.67
indicates that the soil is slightly alkaline.

The soil was weighed and spread on platform. Water was
added to achieve the optimum moisture content (OMC) of
11.8% as obtained in Table 3 by sprinkling on the soil and
repeatedly turned until a uniformmixture was obtained.The
mixture was used to fill a steel cylindrical mould with a top

Table 3: Soil characteristics.

Properties Value
Atterberg limits
Liquid limit (%) 33
Plastic limit (%) 25
Plasticity index 8

Soil classification
USCS CL

Compaction
Maximum dry density (Mg/m3) 1.83
Optimum moisture content (%) 11.8

Particle size (%)
Gravel (>2000𝜇m) 8
Sand (75–2000𝜇m) 64
Silt (2–75 𝜇m) 16
Clay (<2 𝜇m) 12

pH
Value 6.67

Chemical composition (mg/L)
SiO
2

76.6
TiO
2

0.97
Al
2
O
3

10.53
Fe
2
O
3

3.24
MnO 0.05
MgO 1.58
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Figure 1: Particle size distribution of experimental soil.

piston presser. The mould of 40mm internal diameter and
125mm length cylinder was filled (in three layers) with soil
and compressed to a length of 80mm with Tinius Olsen
H50KS (Figure 2(a)) obtained as cylindrical specimen of 40
× 80mm. After the soil was pressed to the required shape
and size of the specimen, it was then extruded (Figure 2(b))
from the mould by using hand press. The specimens were
pressed by the application of four (4) different compacting
speed, which are 1mm/min, 5mm/min, 10mm/min, and
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(a) (b)

Figure 2: (a) Specimen under compaction, (b) specimen extruded from mould.

Figure 3: Drying specimen in oven.

15mm/min. The specimens were then placed in an oven for
drying at 40∘C (Figure 3). After the specimens were dried
(when the difference in the successive weights of the cooled
sample at interval of 4 hr after 72 hr did not exceed 0.1%), they
were set for testing. Three specimens were selected for each
test type and each compacting speed for testing.

2.2. Testing of Specimen. Four (4) different tests were con-
ducted to determine the influence of compacting rate on
compressed earth blocks. The tests include density, compres-
sive strength, tensile strength, and erosion (drip).

2.2.1. Density. Density of the specimen was determined in
accordance with British Standard Institute BS EN 772:11
[26]. The specimens were dried at constant temperature of
approximately 110∘C in an oven for 48 hr until consistent
mass was obtained. The dimensions of each specimen were
measured and the overall volume computed. The specimens
were then weighed and the density was calculated from

𝜌 =

𝑚

𝑉

, (1)

where 𝜌 is the density (kg/m3); 𝑚 is the mass (kg); and 𝑉 is
the volume (m3).

2.2.2. Compressive Strength. Compressive strength test was
conducted in accordance with British Standard Institute BS
EN 772:11 [26]. The test was made with Tinius Olsen H50KS
for which three specimens were tested for each rate of
pressure application. Each specimen was placed uprightly on
the base plate of the testing machine and carefully centred
(Figure 4(a)). The load was applied on the specimen until
it failed (Figure 4(b)). The maximum load at which the
specimen failed was recorded and the compressive strength
was determined by

𝑓
𝑐
=

𝐹

𝐴

, (2)

where 𝑓
𝑐
is the compressive strength (MPa), 𝐹 is the applied

load at which the block failed (N), and 𝐴 is the surface area
of the block where the load was applied (mm2).

2.2.3. Splitting Tensile Strength. Splitting tensile strength test
was conducted following the principles of British Standard
Institute BS EN 12390:6 [27]. Each specimen was placed
centrally in the test jig (Figure 5(a)) of the Tinius Olsen
H50KS, forwhich the loadwas applied till the specimen failed
(Figure 5(b)). The maximum load at which the specimen
failed was recorded and the tensile strength was determined
by

𝑓
𝑡
=

2𝑃

𝜋𝐿𝑑

, (3)

where 𝑓
𝑡
is the indirect tensile strength (MPa); 𝑃 is the

maximum load sustained by the specimen (N); 𝑑 is the
diameter of the specimen (mm); and 𝐿 is the length of the
specimen (mm).

2.2.4. Drip Test (GeelongMethod). Drip test was conducted to
determine the erodability (durability) of the specimen.Due to
the susceptibility of soil blocks, this test aims at determining
the rate at which the soil blocks will erode when exposed
to water (rain). The test was conducted in accordance with
New Zealand Standard [28]. The equipment was setup with
container containing water for which 100mL mark from the
top was noted. Wettex (J-Cloth) 16mm wide was placed
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(a) (b)

Figure 4: (a) Specimen under compressive stress, (b) failed specimen.

(a) (b)

Figure 5: (a) Specimen under tensile stress, (b) failed specimen.

Figure 6: Drip test specimen showing depth of pit.

on the container to soak and transmit the water onto the
specimen. The specimens were placed at an angle of 27∘ at
the base and 400mm vertically away from the J-Cloth, from
which water was allowed to drop on the specimen for one
hour. Figure 6 shows the depth of the pit created on the
specimen. The pit was then measured and the erodability
index was determined.

2.3. Statistical Analysis. Correlations were carried out to
establish relationships between the tests performed. The
mean results were used and ranges were noted. One-Way
ANOVA test result at 95% confidence interval with Minitab
Version 16 was used to test for significant difference and
variation between the test types.

3. Results and Discussion

3.1. Dry Density. The dry density test results as summarised
in Figure 7 show a closely related average density among
the different compacting rates, between 1866 kg/m3 and
1894 kg/m3. Similar result was obtained in the study by Chan
[14], where the nonbaked specimens did not undergo obvious
density change. This was expected due to the equal mass of
the mix used for producing each test specimen. However,
there was slight reduction in density within 5–15mm/min
compaction rates. The density is the relationship between
the volume and the mass of the blocks and therefore shows
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Figure 7: Dry density of compressed earth blocks (error bars
represent range of data obtained).

how compact the blocks are [29]. The dry density is largely
a function of the constituent material characteristics, such as
moisture content at pressing and the degree of compaction
effort applied [21]. This implies that the compacting rates
may have some influence on the density of the blocks.
Although there was slight difference in the density among the
compacting rates, the result indicates that the lower rates (1
and 5mm/min) of compaction achieved the highest density.
This implies that the slower the application of compacting
load the better the arrangement of the material constituents,
making the block slightly denser. The percentage variation
between the 1 and 15mm/min compaction rates is <1%. To
check if the difference in the test results is significant or not,
One-Way ANOVA test was conducted.

ANOVA test result at 95% confidence interval indicates
that the differences in the values among the different com-
pacting rates are insignificant to exclude the possibility that
the difference is due to random sampling variability. There is
therefore not a statistically significant difference (𝑝 = 0.799;
𝐹 = 0.340) in dry density among the compacting rates of the
compressed earth blocks.

3.2. Compressive Strength. Figure 8 presents the summary of
the compressive strength test result. The result indicates that
the average compressive strength decreased with increase in
compacting rates, implying that the higher the compacting
rate the lower the compressive strength of the blocks. The
reduction could be attributed to the reduced density of the
blocks as the compacting rate increases.There was about 19%
increase in the average compressive strength of the lower
(1mm/min) compacting rate over the higher (15mm/min)
compacting rate.

ANOVA test result indicates that the differences in the
values among the different compacting rates are insignificant
to exclude the possibility that the difference is due to random
sampling variability. There is therefore not a statistically
significant difference (𝑝 = 0.410; 𝐹 = 1.010) in compressive
strength among the compacting rates of the soil blocks.

The correlation between the compressive strength and
the density of the compressed earth blocks is summarised
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Figure 8: Compressive strength of compressed earth blocks (error
bars represent range of data obtained).
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Figure 9: Correlation between compressive strength and density.

in Figure 9. The result indicates a strong linear correlation
between the compressive strength and the density with coef-
ficient of determinant (𝑅2) of 0.867, though these are based
on the means of scattered data.This aligns with Gooding and
Thomas [18] andWalker [21] observation that a given increase
in density will result in a greater increase in strength.

3.3. Splitting Tensile Strength. The summary of the splitting
tensile strength test result is presented in Figure 10. The
result is similar to the compressive strength; however, the
10mm/min speed recorded an increase in tensile strength
compared to both 5 and 15mm/min compacting rates. The
lower compacting rate recorded the highest strength while
the highest compaction recorded the lowest as in the case
of compressive strength. This suggests that the lower com-
pacting rate application makes the soil particles arrange to
eliminate bigger pores in the soil matrix, which contributes
to the increased resistance of the material against splitting
failure.

There was about 20% average tensile strength increase
of the lower compacting rate over the higher compacting
rate, which was similar to the compressive strength result.
The ANOVA test result indicates that there is not a statistical
significant difference (𝑝 = 0.596; 𝐹 = 0.670) between the
compacting rates of the soil blocks.
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Figure 10: Tensile strength of compressed earth blocks (error bars
represent range of data obtained).
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Figure 11: Correlation between tensile and compressive strengths.

The correlation between tensile strength and compressive
strength, and tensile strength and density of the soil blocks
can be found in Figures 11 and 12, respectively. The results
indicate a weak linear correlation between tensile strength
and compressive strength, and tensile strength and density
with coefficient of determinant (𝑅2) of 0.346 and 0.070,
respectively, though these are based on themeans of scattered
data.

3.4. Erosion Test. A summary of the drip test result is
provided in Table 4. It can clearly be seen from the result that
the depth of pit increased with the increase in compaction
rates. This shows some similarities in the result of the density
test, where density of the blocks reduced with increased
compacting rates. This suggests that densification of the
blocks may affect the rate of the erosion of the soil blocks.
The low rate of compaction increased slightly the density of
the soil blocks and thereforemay have reduced the erodability
rate. This means that the lower the compacting rate of
producing compressed earth blocks, the lower the effect of
erosion by rain or water on the blocks.

The result shows that the depth of pit for all the com-
pacting rates was within erodability index of 3, which means
they were all erosive [28]. However, the low compacting rate
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Figure 12: Correlation between tensile strength and density.
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Figure 13: Correlation between erosion and density.

performance was better than the higher rates.The percentage
variation between the 1 and 15mm/min compaction rates is
>7%. Conversely, the test of significant difference indicates
that there is not a statistically significant difference (𝑝 =
0.458;𝐹= 1.26) among the compacting rates of the specimens.

Figures 13 and 14 show the correlation between erosion
and density, and erosion and tensile strength, respectively, of
the soil blocks. The results indicate good linear relationship
between tensile strength and density, and tensile strength and
compressive strength with coefficient of determinant (𝑅2) of
0.612 and 0.831, respectively, though these are based on the
means of scattered data.

4. Conclusion

The investigation concludes that although the lower rate
of compaction achieved slightly better performance charac-
teristics, there was not a statistically significant difference
between the compressed earth blocks produced with low
compacting rate and high compacting rate. This means the
rate of compacting the compressed earth blocks during the
production does not have significant effect on the properties
of the blocks. This study has demonstrated that there is not
much influence on the properties of compressed earth blocks



Advances in Materials Science and Engineering 7

Table 4: Drip test results.

Compaction rate (mm/min) Average depth of pit (mm) Erodability index (𝐸
𝐼
) Rating

1 6.2 3 Erosive
5 7.0 3 Erosive
10 7.3 3 Erosive
15 8.2 3 Erosive
𝐸𝐼 1 = 0 (nonerosive), 𝐸𝐼 2 = 0 < 5 (slightly erosive), 𝐸𝐼 3 => 5 ≤ 10 (erosive), and 𝐸𝐼 4 => 10 (very erosive).
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Figure 14: Correlation between erosion and compressive strength.

produced with low and high compacting rates. Furthermore,
there were positive linear correlations between the tests
carried out. Thus, the compressive strength test result could
be associated with the density test result of the blocks.
Similarly, there was a common trend in the test results of
the density and the erosion. However, there was a weak
linear correlation between tensile strength and compressive
strength, and tensile strength and density.
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At present, the green building and housing industrialization are two mainstream directions in the real estate industry. The
production of green building parts which combines green building and housing industrialization, two concepts, is to be vigorously
developed.The key of quality assurance in the assembly project is choosing reliable and proper green building parts suppliers. This
paper analyzes the inherent requirements of the green building, combined with the characteristics of the housing industrialization,
and puts forward an evaluation index system of supplier selection for green building parts, which includes product index, enterprise
index, green development index, and cooperation ability index. To reduce the influence of subjective factors, the improved method
which merges Kent index method and catastrophe theory is applied to the green building parts supplier selection and evaluation.
This paper takes the selection of the unit bathroom suppliers as an example, uses the improved model to calculate and analyze the
data of each supplier, and finally selects the optimal supplier. With combination of the Kent index and the catastrophe theory, the
result shows that it can effectively reduce the subjectivity of the evaluation and provide a basis for the selection of the green building
parts suppliers.

1. Introduction

Since 1910, after the concept of “housing industrialization”
was proposed by the famous architect Pieter Groppi, many
countries have put this concept into practice, leading to a
major change in the residential area [1]. The engineers in
China began to accept this concept since 1994. In 1999, the
Chinese State Council issued “Notice on promoting the
housing industrialization and improving the quality of hous-
ing’.’ This accelerated the pace of developing the housing
industrialization in China [2]. At the same time, green
building is becoming the current development trend of the
construction industry in the world. In 2012, the Chinese
State Council issued the “Chinese Twelfth Five-Year Planning
of Energy Conservation and Emission Reduction,” which
clearly put forward the requirements of developing green
buildings [3]. So far, many real estate developers have begun
to carry out the production of green building parts. However,
the current standard system of green building development

in China is underdeveloped; the standard system of housing
industrialization is not comprehensive.This has causedmany
quality problems for construction parts, such as roof and
toilet leakage, insulation wall cracking, the pipe wall leakage
in kitchen and toilet, poor sound effects due to thin floor
layer, and peculiar smell in kitchen and toilet. Therefore, the
selection of green building parts suppliers is very important
in the process of promoting green building and housing
industrialization [4–7].

At present, the domestic and foreign research is mainly
focused on green buildings or construction parts, and the
study of green building parts suppliers is less. Wang and Guo
(2007) used the grey correlation method for construction
supplier selection [8]. This method needs to determine the
optimal value of the index in advance, and the subjectivity
is too strong. Yan et al. (2009) and Farzipoor Saen (2009),
respectively, used data envelopment analysis (DEA) method
for supplier selection and mainly compared the input and
output to select the optimal supplier. The method requires
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Table 1: Elementary catastrophe model.

Catastrophe model Potential function Control variable State variable
Fold catastrophe 𝑉 (𝑥) = 𝑥

3
+ 𝑎𝑥 1 1

Cusp catastrophe 𝑉 (𝑥) = 𝑥
4
+ 𝑎𝑥
2
+ 𝑏𝑥 2 1

Swallowtail catastrophe 𝑉 (𝑥) = 𝑥
5
+ 𝑎𝑥
3
+ 𝑏𝑥
2
+ 𝑐𝑥 3 1

Butterfly catastrophe 𝑉 (𝑥) = 𝑥
6
+ 𝑎𝑥
4
+ 𝑏𝑥
3
+ 𝑐𝑥
2
+ 𝑑𝑥 4 1

Hyperbolic umbilic 𝑉 (𝑥, 𝑦) = 1/3𝑥
3
− 𝑥𝑦
2
+ 𝑎 (𝑥

2
+ 𝑦
2
) − 𝑏𝑥 − 𝑐𝑦 3 2

Elliptic umbilic 𝑉 (𝑥, 𝑦) = 𝑥
3
+ 𝑦
3
+ 𝑎𝑥𝑦 − 𝑏𝑥 − 𝑐𝑦 3 2

Parabolic umbilic 𝑉 (𝑥, 𝑦) = 𝑥
4
+ 𝑥
2
𝑦 + 𝑎𝑥

2
+ 𝑏𝑦
2
− 𝑐𝑥 − 𝑑𝑦 4 2

a higher accuracy of the data, the application scope of the
analysis is narrow, and the results of the analysis cannot fully
reflect the strength of the suppliers [9, 10]. Yang et al. (2010)
used a fuzzy multiobjective decision-making model for sup-
plier selection. However, it is difficult to establish a fuzzy
multiobjective decision-making model for specific projects;
this method does not have general applicability [11]. Peng
and Li (2010) used entropy weight and TOPSIS for building
suppliers selection [12]; Ruan and Chen (2011) used fuzzy
VIKOR method for green construction supplier selection
[13].The calculated process of these two methods is complex,
which is difficult to operate. Through previous research and
combined with the proposed green building parts supplier
evaluation system, this paper tries to apply the Kent index
method combined with the catastrophe theory into the green
building part supplier selection and evaluation. In this paper,
the Kent index is used to evade the influence of subjective
factors and choose measures to reduce subjective factors to
the lowest. The catastrophe theory is used to understand and
predict complex system behavior. Through the improvement
of this method, it can be of objectivity and rationality in the
selection process of green building part suppliers.

2. Catastrophe Theory

In 1972, Frenchmathematician RenThompublished the book
Structural Stability and Morphogenesis, which is the earliest
work that puts forward the independent and systematic
exposition of the catastrophe theory. Catastrophe theory
emphasizes the discontinuity or sudden conversion of the
change process and studies the phenomenon and law of the
nonlinear system from a stable configuration transition to
another stable configuration; the aim is to predict the change
behavior of the complex chaotic system.Catastrophe theory is
a powerful mathematical tool to study the evolution of disor-
dered system; it can better explain and predict the changes in
nature and society and it has been widely used in the fields of
ecology, engineering, social sciences, economics, and so on.

In the process of supplier selection, there are many
uncertain factors, and the application of the catastrophe
theory will be very good to reduce the impact of these factors
on the results. At the same time, in the evaluation process of
adopting catastrophe theory, the calculation of the weight is
only used to sort the importance of indicators instead of being

used to select the supplier directly.This will effectively reduce
the subjectivity of the evaluation [14].

2.1. Elementary Catastrophe Model. Discontinuous leap phe-
nomenon, whose control variable is not greater than 4 in
nature and social life, usually can be described by 7 basic
catastrophe models. All kinds of catastrophe models of
potential function, control variables, and state variables are
shown in Table 1 [15].

2.2. Normalization of Elementary Catastrophe Model. In the
potential function equation of all control variables, the
value change of any control variable will produce the state
transition. The collections of all state transitions are merged
into the different sets. And all the state transitions in different
sets are in accordance with the following equation:

𝑑𝑉 (𝑥) = 0,

𝑑
2
𝑉 (𝑥) = 0.

(1)

The elimination of the state variable in the upper type is
to obtain the different set equation. The transformation and
derivation of the different set equation can get some inherent
association between control variables and state variables.The
inherent association is normalized formula, which is also
known as the catastrophe progression. By using normalized
formula, each level of evaluation index system can be cal-
culated, and finally the whole evaluation index system is
obtained. In normal circumstances, there are fewer than 4
control variables and only 1 state variable in the catastrophe
model of the index system. The main catastrophe models
which researchers usually use are the cusp catastrophe,
swallowtail catastrophe, and butterfly catastrophe.

The normalization formula for cusp catastrophe is

𝑥
𝑎
= √𝑎,

𝑥
𝑏
=
3
√𝑏.

(2)

The normalization formula for swallowtail catastrophe is

𝑥
𝑎
= √𝑎,

𝑥
𝑏
=
3
√𝑏,

𝑥
𝑐
=
4
√𝑥.

(3)
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Figure 1: Evaluation process of the Kent index method.

The normalization formula for butterfly catastrophe is

𝑥
𝑎
= √𝑎,

𝑥
𝑏
=
3
√𝑏,

𝑥
𝑐
=
4
√𝑥,

𝑥
𝑑
=
5
√𝑥.

(4)

3. Kent Index Method

In 1985, the United States Columbus Battelle Institute pub-
lished the article “Guideline for Hazard Evaluation Proce-
dures,” which first proposed to use the indexmethod to assess
the risk of oil and gas pipelines. In 1992, W. Kent Muhlbauer
improved the Kent index method and introduced this
method in Pipeline Risk Management Manual. First of all,
on the basis of oil and gas pipeline’s damage conditions, the
Kent index method formulates corresponding Kent index to
differentiate the risk levels of engineering project. Then the
Kent index method analyzes the independent factors of each
pipeline and meanwhile analyzes the diffusion risk index and
the medium influence coefficient of the material in the pipe,
so as to obtain the assessment of various risk factors that
caused damage to the oil and gas pipelines, calculation of
the sum of index, and the leakage impact index. Finally, the
relative risk value is obtained by the sum of index divided by
the leakage impact index. The relative risk value is relative to
the risk level and is used to obtain the risk grade of the specific
project. The specific process of the Kent index method is
shown in Figure 1.

According to the probability theory, if we want to make
a precise prediction of the event, we often need enough
samples, but most of the time the samples are not enough. At
the same time, too many assumptions can lead to inaccurate
results. The Kent index method was applied to evaluate
project risk; its advantage is that it did not avoid the important
role of subjective factors in the risk assessment but took some
feasible measures to reduce the impact of subjective factors,
so as to effectively enhance the credibility of evaluation
results. Similarly, the selection of the green building parts
suppliers is also through the analysis of various indicators to
launch each supplier’s scores, introduce Kent index method,

and improve its evaluation model, making it adapt to the
choice of supplier evaluation. This method will be able to
effectively reduce the influence of subjective factors, and it is
easy to operate and easy to calculate [16, 17].

4. The Establishment of Evaluation Index
System of Green Building Parts Supplier

Different from the traditional construction materials, con-
struction parts of housing industrialization are standardized
designed and processed into small parts in the factory and
then installed and spliced at the construction site, so as
to improve the construction efficiency and the quality of
housing.

Each construction part which is relative to the specific
construction project has played an indispensable role in the
process of assembly. With a certain size and function, each
construction part is unique. Thus it requires a complete set
of standards to measure the reliability of its performance.
However, the housing industrialization industry in China has
just started, so that the corresponding system is not perfect.
Meanwhile, the green building advocates the concepts of
energy saving, land saving, water saving, material saving,
and environmental protection in the whole life cycle, which
require the green building to have features of health comfort-
ability, economical losses, energy consumption, efficient use,
and harmonious coexistence with nature.

On the basis of the related literature review [18–21], this
paper chooses parts of the evaluation index for suppliers,
combined with the characteristics of the housing industri-
alization and the green building, and then establishes the
evaluation index system of green building parts (nonpatented
products) supplier, which contains 4 items of primary indica-
tors, 14 items of secondary indicators, and 47 items of tertiary
indicators, as shown in Table 2.

5. Improved Model Based on Kent Index and
Catastrophe Theory

5.1. The Establishment of the Model. According to the char-
acteristics of the green building, the evaluation index of the
supplier can be divided into 4 categories: product index,
enterprise index, green development index, and cooperation
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Table 2: Evaluation index system of green building parts supplier.

Primary index Secondary index Tertiary index

Product index (𝐼
𝑃
) Quality (𝐼

𝑃1
)

Quality management level (𝐼
𝑃11

)
Product sample pass rate (𝐼

𝑃12
)

Repair and return rate (𝐼
𝑃13

)
Product performance (𝐼

𝑃14
)

Product index (𝐼
𝑃
) Price (𝐼

𝑃2
)

Product price (𝐼
𝑃21

)
Procurement and transportation costs (𝐼

𝑃22
)

Installation cost (𝐼
𝑃23

)

Product index (𝐼
𝑃
) Time (𝐼

𝑃3
)

Early completion rate (𝐼
𝑃31

)
On time delivery (𝐼

𝑃32
)

Flexible delivery capability (𝐼
𝑃33

)

Enterprise index (𝐼
𝐸
) Professional skill (𝐼

𝐸1
)

Contract performance (𝐼
𝐸11

)
Similar project experience (𝐼

𝐸12
)

Quality of personnel (𝐼
𝐸13

)
Enterprise qualification (𝐼

𝐸14
)

Enterprise index (𝐼
𝐸
) Market position (𝐼

𝐸2
)

Market share (𝐼
𝐸21

)
Customer satisfaction (𝐼

𝐸22
)

Corporate reputation (𝐼
𝐸23

)

Enterprise index (𝐼
𝐸
) Financial situation (𝐼

𝐸3
)

Registered capital (𝐼
𝐸31

)
Circulating fund (𝐼

𝐸32
)

Return on equity (𝐼
𝐸33

)
Asset liability ratio (𝐼

𝐸34
)

Enterprise index (𝐼
𝐸
) Innovation ability (𝐼

𝐸4
)

Innovative capital investment (𝐼
𝐸41

)
Innovative personnel input (𝐼

𝐸42
)

Product technical innovation rate (𝐼
𝐸43

)

Green development index (𝐼
𝐺
) Environmental conditions (𝐼

𝐺1
)

Environmental protection investment conditions (𝐼
𝐺11

)
Green technology application (𝐼

𝐺12
)

Staff environmental awareness (𝐼
𝐺13

)
Environmental management system certification (𝐼

𝐺14
)

Green development index (𝐼
𝐺
) Energy consumption level (𝐼

𝐺2
)

Unit parts of energy consumption (𝐼
𝐺21

)
Unit parts of material consumption (𝐼

𝐺22
)

Unit parts of human consumption (𝐼
𝐺23

)
Other resource consumption (𝐼

𝐺24
)

Green development index (𝐼
𝐺
) Environmental effect (𝐼

𝐺3
)

Construction noise pollution (𝐼
𝐺31

)
Construction solid waste pollution (𝐼

𝐺32
)

Construction pollution of gas and water (𝐼
𝐺33

)
Radionuclide emission (𝐼

𝐺34
)

Green development index (𝐼
𝐺
) Recycling and utilization (𝐼

𝐺4
) Building parts recovery rate (𝐼

𝐺41
)

Construction parts recycling and reutilization (𝐼
𝐺42

)

Cooperation ability (𝐼
𝐶
) Cooperation intention (𝐼

𝐶1
) Cooperation intention of the project (𝐼

𝐶11
)

Long-term cooperation intention (𝐼
𝐶12

)

Cooperation ability (𝐼
𝐶
) Degree of cooperation (𝐼

𝐶2
) Corporate culture compatibility (𝐼

𝐶21
)

Enterprise information exchange level (𝐼
𝐶22

)

ability, which, respectively, form the corresponding relation-
ship with the indicators of Kent model. The corresponding
relationship of the improved model is shown in Figure 2.

Product index of supplier evaluation system is measured
by three indicators such as quality, price, and time.Thequality
of products, the level of price, and the elasticity of supply
time can be well judged by the actual data, and the scores

of these indexes will have a direct impact on the total points
of the green building parts suppliers. The information of the
corrosion index and the error operation index in the pipeline
risk assessment is also obtained through the analysis of the
relevant data, and the quality of these two indexes will have
a direct impact on the safety of the pipeline, which plays
an important role in the pipeline risk assessment. Therefore,
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Figure 2: The improved model.

in this paper the product index is corresponding to the
corrosion index and the error operation index of the pipeline
risk assessment.

Enterprise index of supplier evaluation system is mainly
used to measure the overall strength of suppliers; its evalua-
tion measurements are supplier’s business level, market posi-
tion, financial situation, and innovation ability. In general,
if the suppliers’ overall strengths are at the same level, the
enterprise index of each supplier has no more difference.
Thus the enterprise index belongs to auxiliary index in the
evaluation process. The third party index of pipeline risk
assessment takes activity level, public education, and cover
thickness as a judge; its impact on the safety of pipeline from
the same area is almost the same.Therefore, in this paper the
enterprise index is corresponding to the third party index of
the pipeline risk assessment.

Green development index of supplier evaluation system
directly determines whether the construction parts are in
accordance with the specific requirements of green building.
This index takes the situation of environmental protection,
level of energy consumption, environmental impact, and
recovery utilization as measurements, and these criteria will
directly affect the selection of parameters and the final
design outcome during the design process of the green build-
ing parts. According to the above point of view, green devel-
opment index of supplier evaluation system and the design
index of the pipeline risk assessment almost have the same

role in the evaluation process. Therefore, this paper takes
these two indexes corresponding to each other.

Cooperation ability index of supplier evaluation system
reflects the cooperation ability of enterprise with related
strategic partners or working partners. The score of this
index is positively correlated with the score of supplier eval-
uation. Meanwhile the leak impact index of the pipeline
risk assessment is measured by product harm and diffusion
coefficient, and the size of the leak impact index is positively
correlated with the size of the pipeline risk assessment. Thus
it can be seen that cooperation ability index of supplier
evaluation system and the leak impact index of the pipeline
risk assessment have similar meaning in the evaluation
procedure.Therefore, this paper takes the cooperation ability
of supplier evaluation system corresponding to the leak
impact index of the pipeline risk assessment.

5.2. The Calculation of the Model. In the process of the selec-
tion of green building parts suppliers, because of the existence
of cross effect of the complex relationship between the various
indicators, it is so difficult to show the effect of evaluation by
the simple addition of each index where the computational
methods need appropriate improvements.

(1) According to the characteristics of catastrophe theory,
the index of the same attribute of each level should be sen-
sitivity sorted before the evaluation. The more important
the index should be put in the former, the less important



6 Advances in Materials Science and Engineering

Product coefficient P

Basic coefficient B

Cooperation index C
Supplier score S

Enterprise coefficient E

Green coefficient G

Figure 3: Evaluation frame of green building parts supplier.

Table 3: Definition of the judgment matrix scale.

Scaling 𝑎 Meaning

1 Factor 𝑖 compared with factor 𝑗 is equally
important

3 Factor 𝑖 compared with factor 𝑗 is slightly
important

5 Factor 𝑖 compared with factor 𝑗 is obviously
important

7 Factor 𝑖 compared with factor 𝑗 is very important

9 Factor 𝑖 compared with factor 𝑗 is extremely
important

2, 4, 6, 8 Intermediate values of the adjacent judgments

1/𝑎
𝑎 represents that 𝑖 is more important than 𝑗; 1/𝑎

represents that 𝑗 is more important than 𝑖

the index should be placed in the post. This paper uses the
characteristic vector method of analytic hierarchy process
(AHP) to get the weight of the index; the sensitivity of the
index is sorted by the size of weights. The specific process is
as follows [22].

(i) Construct all the judgment matrix of each layer. The
proportion of each criterion from the criterion layer
in the target measure is not necessarily the same. In
the eyes of the decision-makers, they each have a
certain proportion, respectively. Use numbers 1–9 and
their reciprocal as the scale to define the judgment
matrix 𝐴 = (𝑎

𝑖𝑗
)
𝑛×𝑛

; see Table 3.
(ii) Use the eigenvector method to calculate weight, as

shown in the following formula:

𝐴𝑊 = 𝜆max𝑊, (5)

where 𝜆max represents the maximum eigenvalue of
the judgment matrix.

(iii) Calculate the consistency index CI, as shown in the
following formula:

CI =
𝜆max − 𝑛

𝑛 − 1
. (6)

(iv) Find the average random consistency index RI (see
Table 4) and then calculate the consistency ratio CR,
as shown in the following formula:

CR = CI
RI
. (7)

Table 4: Average random consistency index.

𝑛 1 2 3 4 5 6 7 8 9 10
RI 0 0 0.52 0.89 1.12 1.24 1.36 1.41 1.46 1.49

When CR < 0.10, the consistency of judgmentmatrix
is acceptable; otherwise the judgment matrix should
be properly modified.

(2) In the evaluation of suppliers, the high score generally
represents the stronger competitiveness of the supplier and
more opportunities for cooperation. Therefore, in order to
avoid the impact of the results of the individual coeffi-
cients, catastrophe theory is used to calculate 𝐼

𝑃
(𝐼
𝑃1
, 𝐼
𝑃2
, 𝐼
𝑃3
,

. . . , 𝐼
𝑃𝑁
), 𝐼
𝐸
(𝐼
𝐸1
, 𝐼
𝐸2
, 𝐼
𝐸3
, . . . , 𝐼

𝐸𝑁
), 𝐼
𝐺
(𝐼
𝐺1
, 𝐼
𝐺2
, 𝐼
𝐺3
, . . . , 𝐼

𝐺𝑁
),

𝐼
𝐶
(𝐼
𝐶1
, 𝐼
𝐶2
, 𝐼
𝐶3
, . . . , 𝐼

𝐶𝑁
).

(3)The following improvements can be made in the eval-
uation of suppliers.

Supplier total score 𝑆 = basic coefficient 𝐵 × cooperation
index 𝐶; basic coefficient 𝐵 = product coefficient 𝑃 × enter-
prise coefficient𝐸 × green coefficient𝐺, as shown in Figure 3.
Product coefficient = product index ÷ product standard
value; that is 𝑃 = 𝐼

𝑃
/𝑝; similarly, enterprise coefficient =

enterprise index ÷ enterprise standard value; that is, 𝐸 =
𝐼
𝐸
/𝑒; green coefficient = green development index ÷ green

standard value; that is, 𝐺 = 𝐼
𝐺
/𝑔. Among them, 𝑝 = min{𝐼

𝑃1
,

𝐼
𝑃2
, 𝐼
𝑃3
, . . . , 𝐼

𝑃𝑁
}, 𝑒 = min{𝐼

𝐸1
, 𝐼
𝐸2
, 𝐼
𝐸3
, . . . , 𝐼

𝐸𝑁
}, and 𝑔 =

min{𝐼
𝐺1
, 𝐼
𝐺2
, 𝐼
𝐺3
, . . . , 𝐼

𝐺𝑁
}.

6. Case Analysis

Housing industrialization ismainly composed of the skeleton
construction system and the infill construction system. The
infill construction system can be realized through the factory
production of the infill parts and on-site assembly for the
industrialized production. The unit bathroom of the infill
construction system adopts the industrialized production; it
means that the wall, ground, and roof of the unit bathroom
are produced in the factory and assembled easily, quickly at
the construction site. This advanced technology has replaced
the traditional way of doing the bathroom like plaster
stick ceramics. This way of industrialization is the future
development direction of the bathroom.

Whether from the material or construction, the unit
bathroom compared to the traditional bathroom renovation
project has lots of obvious advantages in many aspects,
such as water saving, energy saving, material saving, earth
saving, and green environmental protection. The extensive
application of the unit bathroom will undoubtedly promote
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the process of housing industrialization in China; it not only
improves the quality of bathroomdecoration but also reduces
the energy consumption and pollution emissions, which is in
line with China’s long-term sustainable development goal.

A real estate developer intends to adopt the unit bath-
room in their new real estate project and requires the con-
struction parts suppliers to provide products which have the
advantages of green environmental protection, comfortabil-
ity, energy consumption, and efficient use. The real estate
developer needs to choose the best one from the five qualified
suppliers (resp., represented by A, B, C, D, and E).

A company is an integrated company that specializes in
the research, development, production, and sales of high-
end honeycomb composites materials and high-end applica-
tion products, with the leading technology and intellectual
property of the honeycomb composites materials. The char-
acteristics of the unit bathroom that A company produces
are as follows: (1) The unit bathroom adopts the environ-
mentally friendly materials. For instance, the honeycomb
composites materials are composite from the ceramic tile,
aluminum honeycomb, and polyurethane, which do not
contain formaldehyde and other harmful substances. (2) The
unit bathroom adopts industrialized production method,
which can reduce the “three wastes” emissions and reduce the
pollution of the environment; all materials can be degraded
and recovered and will not cause any pollution to the envi-
ronment. The production process is very environmentally
friendly. (3) The installation of the unit bathroom adopts the
dry construction installation, which can make installation in
the approximate way like putting up building blocks, with
no noise, avoiding a nuisance, breaking through 10-hour
work time limit of decoration works in the city. This way of
installation can reduce the construction waste. As a result it
can avoid the high cost of garbage disposal and enhance the
social responsibility of the company.

B company has more than 40 direct service agencies,
which can provide customers with timely, thoughtful presales
and after-sales service. The product market share of B
company is higher, especially in the real estate market and
chain hotel market. The characteristics of the unit bathroom
that B company produces are as follows. (1) The production
process of the unit bathroom is environmentally friendly.
The production workshops use the design of permeability,
which enhances the air flow of the workshops and provides
enough natural lighting to reduce energy consumption. The
plant adopts internal water circulation system.Theusedwater
will be purified and put back into the circulatory system. (2)
The unit bathroom adopts high-tech materials. For instance,
the sheet molding compound (SMC) material which can be
used as the tableware will have no harmful gas emissions
and radioactive pollution. (3) The used process of the unit
bathroom is of low carbon and energy saving. SMC material
has the heat insulation performance, and there is a heat
preservation buffer layer between the unit bathroom and the
wall, which can avoid the heat absorbed by the building.

C company is a detail-oriented enterprise, which takes
the humanized design as the core and meets the needs of
customers in different areas. Its products are involved in a

Table 5: Product index judgment matrix of secondary indicators
relative to primary indicators.

𝐼
𝑃1

𝐼
𝑃2

𝐼
𝑃3

𝐼
𝑃1

1 2 3
𝐼
𝑃2

1/2 1 2
𝐼
𝑃3

1/3 1/2 1
Calculation of MATLAB software: CI = 0.0046, CR = 0.0079; according to
the consistency test, the vector weight𝑄 is𝑄 = 0.5396, 0.2970, 0.1634.

wide range, mainly in hotels, hospitals, residential, shipbuild-
ing, and other fields.The characteristics of the unit bathroom
that C company produces are as follows. (1) The underpan,
walls, and plates of the unit bathroom have high temperature
and high pressure molding, and the underpan is a whole
waterproof plate, which has a good antileakage effect. (2)The
unit bathroom adopts the sheet molding compound (SMC)
material, which is a kind of environmentally friendly high-
tech material, safe, strong, bright, and antiaging. (3) The unit
bathroom can be installed by the way of dry construction; it
can be used on the day when the installation is completed,
and this will greatly shorten the construction cycle.

The characteristics of the unit bathroom that D com-
pany produces are as follows. (1) The unit bathroom body
adopts the environmentally friendly polymethyl methacry-
late (PMMA) sheets, having good transparency, stability,
weather resistance, insulation, and mechanical strength. (2)
The surface of the unit bathroomunderpan ismade of carbon
steel which is composite of high purity steel and rubber. It
has the characteristics of wear resistance, fire resistance, slip
resistance, and insulation. (3)The whole structure of the unit
bathroom adopts modular disassembling fastener design,
which has the advantage of quick installation, does not pro-
duce the construction garbage, and makes the installation of
100 sets of the unit bathroom complete within 1 to 2 weeks.

The characteristics of the unit bathroom that E company
produces are as follows. (1) The unit bathroom body uses the
environmentally friendly Vinyl-Coated Metal (VCM), and
its surface has been attached to the coated PVC membrane,
which has rich colors, good decorative effect, and high surface
gloss and can meet wear resistance, corrosion resistance,
oil stain resistance, easy cleaning, and so forth. (2) The
unit bathroom adopts an integrated professional waterproof
underpan, with excellent waterproof effect.

6.1. Basic Data Processing. In order to obtain the accuracy
and convenience in the calculation process, this paper uses
the MATLAB software to calculate the weight of analytic
hierarchy process. First of all, compare the importance of
each project evaluation index by the leader of the project,
experts, and relevant person, so as to obtain the judgment
matrix. Then calculate the weight of each level to determine
the sensitivity indicators sorting.

In the weight calculation process of product index, the
judgment matrix of secondary indicators relative to primary
indicators is shown in Table 5, and the judgment matrix of
tertiary indicators relative to secondary indicators is shown
in Table 6.
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Table 6: Product index judgment matrix of tertiary indicators rela-
tive to secondary indicators.

(a)

𝐼
𝑃11

𝐼
𝑃12

𝐼
𝑃13

𝐼
𝑃14

𝐼
𝑃11

1 1/3 1/4 1/5
𝐼
𝑃12

3 1 1/2 1/2
𝐼
𝑃13

4 2 1 1/2
𝐼
𝑃14

5 2 2 1
Calculation ofMATLAB software: CI = 0.0189, CR=0.0210; according to the
consistency test, the vector weight𝑄 is𝑄 = 0.0738, 0.1925, 0.2944, 0.4393.

(b)

𝐼
𝑃21

𝐼
𝑃22

𝐼
𝑃23

𝐼
𝑃21

1 7 3
𝐼
𝑃22

1/7 1 1/2
𝐼
𝑃23

1/3 2 1
Calculation of MATLAB software: CI = 0.0013, CR = 0.0023; according to
the consistency test, the vector weight𝑄 is𝑄 = 0.6817, 0.1025, 0.2158.

(c)

𝐼
𝑃31

𝐼
𝑃32

𝐼
𝑃33

𝐼
𝑃31

1 1/7 1
𝐼
𝑃32

7 1 7
𝐼
𝑃33

1 1/7 1
Calculation of MATLAB software: CI = 6.6613e − 16, CR = 1.1485e – 15;
according to the consistency test, the vector weight 𝑄 is 𝑄 = 0.1110, 0.7778,
0.1112.

Table 7: Enterprise index judgment matrix of secondary indicators
relative to primary indicators.

𝐼
𝐸1

𝐼
𝐸2

𝐼
𝐸3

𝐼
𝐸4

𝐼
𝐸1

1 3 3 5
𝐼
𝐸2

1/3 1 2 3
𝐼
𝐸3

1/3 1/2 1 3
𝐼
𝐸4

1/5 1/3 1/3 1
Calculation of MATLAB software: CI = 0.0347, CR = 0.0386; according to
the consistency test, the vector weight𝑄 is𝑄= 0.5167, 0.2382, 0.1682, 0.0769.

In the weight calculation process of enterprise index, the
judgment matrix of secondary indicators relative to primary
indicators is shown in Table 7, and the judgment matrix of
tertiary indicators relative to secondary indicators is shown
in Table 8.

In the weight calculation process of green development
index, the judgment matrix of secondary indicators relative
to primary indicators is shown in Table 9, and the judgment
matrix of tertiary indicators relative to secondary indicators
is shown in Table 10.

Because each of the cooperation ability index (𝐼
𝐶
) and

recycling and utilization (𝐼
𝐺4
) only contains two indicators,

these two indexes’ weights are given by the leader of the
project, experts, and relevant person directly. We used the
expert scoring method to score the underlying indicators of
each supplier, so as to determine the green building parts
supplier selection index system and standard data, as shown
in Table 11.

Table 8: Enterprise index judgment matrix of tertiary indicators
relative to secondary indicators.

(a)

𝐼
𝐸11

𝐼
𝐸12

𝐼
𝐸13

𝐼
𝐸14

𝐼
𝐸11

1 2 5 7
𝐼
𝐸12

1/2 1 3 5
𝐼
𝐸13

1/5 1/3 1 5
𝐼
𝐸14

1/7 1/5 1/5 1
Calculation of MATLAB software: CI = 0.0640, CR = 0.0711; according to
the consistency test, the vector weight𝑄 is𝑄= 0.5155, 0.2926, 0.1416, 0.0503.

(b)

𝐼
𝐸21

𝐼
𝐸22

𝐼
𝐸23

𝐼
𝐸21

1 1/5 1/3
𝐼
𝐸22

5 1 2
𝐼
𝐸23

3 1/2 1
Calculation of MATLAB software: CI = 0.0018, CR = 0.0032; according to
the consistency test, the vector weight𝑄 is𝑄 = 0.1095, 0.5816, 0.3090.

(c)

𝐼
𝐸31

𝐼
𝐸32

𝐼
𝐸33

𝐼
𝐸34

𝐼
𝐸31

1 1/5 1/3 1/3
𝐼
𝐸32

5 1 3 3
𝐼
𝐸33

3 1/3 1 1
𝐼
𝐸34

3 1/3 1 1
Calculation ofMATLAB software: CI = 0.0145, CR= 0.0161; according to the
consistency test, the vector weight𝑄 is𝑄 = 0.0781, 0.5222, 0.1998, 0.1998.

(d)

𝐼
𝐸41

𝐼
𝐸42

𝐼
𝐸43

𝐼
𝐸41

1 2 3
𝐼
𝐸42

1/2 1 2
𝐼
𝐸43

1/3 1/2 1
Calculation of MATLAB software: CI = 0.0046, CR = 0.0079; according to
the consistency test, the vector weight𝑄 is𝑄 = 0.5396, 0.2970, 0.1634.

Table 9: Green development index judgment matrix of secondary
indicators relative to primary indicators.

𝐼
𝐺1

𝐼
𝐺2

𝐼
𝐺3

𝐼
𝐺4

𝐼
𝐺1

1 1/3 1/5 2
𝐼
𝐺2

3 1 1/3 3
𝐼
𝐺3

5 3 1 6
𝐼
𝐺4

1/2 1/3 1/6 1
Calculation of MATLAB software: CI = 0.0263, CR = 0.0292; according to
the consistency test, the vector weight𝑄 is𝑄= 0.1124, 0.2445, 0.5677, 0.0754.

6.2. Calculation Process. Taking supplier A as an example, the
calculation of the product index is

𝐼
𝑃1
=
(√𝐼
𝑃14
+
3
√𝐼
𝑃13
+
4
√𝐼
𝑃12
+
5
√𝐼
𝑃11
)

4
= 8.3666,

𝐼
𝑃2
=
(√𝐼
𝑃21
+
3
√𝐼
𝑃23
+
4
√𝐼
𝑃22
)

3
= 6.5083,
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Table 10: Green development index judgment matrix of tertiary
indicators relative to secondary indicators.

(a)

𝐼
𝐺11

𝐼
𝐺12

𝐼
𝐺13

𝐼
𝐺14

𝐼
𝐺11

1 2 6 5
𝐼
𝐺12

1/2 1 3 2
𝐼
𝐺13

1/6 1/3 1 1/2
𝐼
𝐺14

1/5 1/5 2 1
Calculation of MATLAB software: CI = −0.0428, CR = −0.0475; according
to the consistency test, the vector weight 𝑄 is 𝑄 = 0.5469, 0.2589, 0.0814,
0.1128.

(b)

𝐼
𝐺21

𝐼
𝐺22

𝐼
𝐺23

𝐼
𝐺24

𝐼
𝐺21

1 2 3 5
𝐼
𝐺22

1/2 1 2 4
𝐼
𝐺23

1/3 1/2 1 3
𝐼
𝐺24

1/5 1/4 1/3 1
Calculation ofMATLAB software: CI = 0.0170, CR=0.0189; according to the
consistency test, the vector weight𝑄 is𝑄 = 0.4729, 0.2844, 0.1699, 0.0729.

(c)

𝐼
𝐺31

𝐼
𝐺32

𝐼
𝐺33

𝐼
𝐺34

𝐼
𝐺31

1 1/3 1/3 1/7
𝐼
𝐺32

3 1 1 1/3
𝐼
𝐺33

3 1 1 1/3
𝐼
𝐺34

7 3 3 1
Calculation of MATLAB software: CI = 0.0026, CR = 0.0029; according to
the consistency test, the vector weight𝑄 is𝑄= 0.0687, 0.1931, 0.1931, 0.5451.

𝐼
𝑃3
=
(√𝐼
𝑃32
+
3
√𝐼
𝑃33
+
4
√𝐼
𝑃31
)

3
= 6.4080,

𝐼
𝑃
=
(√𝐼
𝑃1
+
3
√𝐼
𝑃2
+
4
√𝐼
𝑃3
)

3
= 6.3506.

(8)

In the same way, the calculation result of enterprise index is

𝐼
𝐸1
=
(√𝐼
𝐸11
+
3
√𝐼
𝐸12
+
4
√𝐼
𝐸13
+
5
√𝐼
𝐸14
)

4
= 8.2843

𝐼
𝐸2
=
(√𝐼
𝐸22
+
3
√𝐼
𝐸23
+
4
√𝐼
𝐸21
)

3
= 6.1276

𝐼
𝐸3
=
(√𝐼
𝐸32
+
3
√𝐼
𝐸33
+
4
√𝐼
𝐸34
+
5
√𝐼
𝐸31
)

4
= 6.9056

𝐼
𝐸4
=
(√𝐼
𝐸41
+
3
√𝐼
𝐸42
+
4
√𝐼
𝐸43
)

3
= 6.5677

𝐼
𝐸
=
(√𝐼
𝐸1
+
3
√𝐼
𝐸2
+
4
√𝐼
𝐸3
+
5
√𝐼
𝐸4
)

4
= 7.7863.

(9)

The calculation result of green development index is

𝐼
𝐺1
=
(√𝐼
𝐺11
+
3
√𝐼
𝐺12
+
4
√𝐼
𝐺14
+
5
√𝐼
𝐺13
)

4
= 5.8458,

𝐼
𝐺2
=
(√𝐼
𝐺21
+
3
√𝐼
𝐺22
+
4
√𝐼
𝐺23
+
5
√𝐼
𝐺24
)

4
= 8.2600,

𝐼
𝐺3
=
(√𝐼
𝐺34
+
3
√𝐼
𝐺33
+
4
√𝐼
𝐺32
+
5
√𝐼
𝐺31
)

4
= 7.8792,

𝐼
𝐺4
=
(√𝐼
𝐺42
+
3
√𝐼
𝐺41
)

2
= 2.2828,

𝐼
𝐺
=
(√𝐼
𝐺3
+
3
√𝐼
𝐺2
+
4
√𝐼
𝐺1
+
5
√𝐼
𝐺4
)

4
= 7.5628.

(10)

The calculation result of cooperation ability index is

𝐼
𝐶1
=
(√𝐼
𝐶11
+
3
√𝐼
𝐶12
)

2
= 5.0208

𝐼
𝐶2
=
(√𝐼
𝐶22
+
3
√𝐼
𝐶21
)

2
= 5.0946

𝐼
𝐶
=
(√𝐼
𝐶2
+
3
√𝐼
𝐶1
)

2
= 3.9695.

(11)

The total score of supplier A is

𝐵 = 𝑃 × 𝐸 × 𝐺 =
𝐼
𝑃

𝐼
𝑃1

×
𝐼
𝐸

𝐼
𝐸2

×
𝐼
𝐺

𝐼
𝐺4

= 4.1721,

𝑆 = 𝐵 × 𝐶 = 4.1721 × 3.9695 = 16.5611.

(12)

The final scores of the 5 suppliers can be calculated as shown
in Table 12.

6.3. Result Analysis. According to the comparative analysis
of product index, enterprise index, green development index,
cooperation ability index, and total score, it can be seen that
the five suppliers do not have a big difference between the
various points. If the real estate developer simply considers
only one indicator among them, such as cooperation ability
index, then supplier C is selected as the best. It will be a
wrong decision because supplier A has the highest scores
in the other indexes and total performance. The potential
strength of supplier A is stronger than supplier C’s, so
that supplier A will be the best choice. This result happens
to confirm that the Kent index itself does not avoid the
impact of subjective factors but takes measures to carry out
a comprehensive analysis to minimize the subjective impact,
while the application of catastrophe theory is also well to
avoid the influence of the weight on the result.

7. Conclusion and Suggestion

This paper analyzes the inherent requirements of the green
building, meanwhile combines with the characteristics of
construction part of housing industrialization, and then puts
forward the selection evaluation index system of the green



10 Advances in Materials Science and Engineering

Table 11: Green building parts supplier selection index system and standard data.

Primary index Secondary index Weight Tertiary index Weight Supplier/score (0∼10)
A B C D E

𝐼
𝑃

𝐼
𝑃1

0.5396

𝐼
𝑃11

0.0738 8.85 8.85 8.72 9.62 9.1
𝐼
𝑃12

0.1925 8.74 8.74 8.91 8.63 9.27
𝐼
𝑃13

0.2944 9.05 9.05 8.93 9.02 9.13
𝐼
𝑃14

0.4393 9.10 9.04 9.16 8.17 7.96

𝐼
𝑃

𝐼
𝑃2

0.2970
𝐼
𝑃21

0.6817 9.74 9.74 9.78 9.53 9.67
𝐼
𝑃22

0.1025 2.49 2.49 2.85 2.51 2.37
𝐼
𝑃23

0.2158 9.68 9.68 9.62 9.65 9.81

𝐼
𝑃

𝐼
𝑃3

0.1634
𝐼
𝑃31

0.1110 9.75 9.75 9.81 9.72 9.86
𝐼
𝑃32

0.7778 6.67 6.67 7.79 10 8.89
𝐼
𝑃33

0.1112 8.72 8.72 9.37 8.85 9.17

𝐼
𝐸

𝐼
𝐸1

0.5167

𝐼
𝐸11

0.5155 9.02 9.02 9.16 8.07 7.86
𝐼
𝐸12

0.2926 8.54 8.54 7.54 8.32 6.74
𝐼
𝐸13

0.1416 8.5 8.5 7.3 9.4 10
𝐼
𝐸14

0.0503 8.37 8.37 8.57 8.46 9.02

𝐼
𝐸

𝐼
𝐸2

0.2382
𝐼
𝐸21

0.1095 7.26 7.26 6.85 6.91 7.03
𝐼
𝐸22

0.5816 6.75 7.75 7.39 7.28 8.64
𝐼
𝐸23

0.3090 6.73 6.73 6.81 7.13 6.79

𝐼
𝐸

𝐼
𝐸3

0.1682

𝐼
𝐸31

0.0781 4.15 4.25 4.28 4.12 4.07
𝐼
𝐸32

0.5222 3.18 3.18 3.86 4.01 3.06
𝐼
𝐸33

0.1999 8.73 8.73 8.92 8.31 8.47
𝐼
𝐸34

0.1997 9.04 9.04 8.63 9.27 9.62

𝐼
𝐸

𝐼
𝐸4

0.0769
𝐼
𝐸41

0.5396 8.65 8.65 8.79 8.24 8.54
𝐼
𝐸42

0.2970 7.52 7.52 8.16 7.49 7.51
𝐼
𝐸43

0.1634 7.73 7.73 7.46 8.47 7.82

𝐼
𝐺

𝐼
𝐺1

0.1124

𝐼
𝐺11

0.5383 2.51 2.51 2.79 2.63 2.47
𝐼
𝐺12

0.2531 3.77 3.77 3.69 4.38 3.95
𝐼
𝐺13

0.0790 5.84 5.84 5.73 6.08 6.39
𝐼
𝐺14

0.1297 2.7 2.7 2.63 2.34 3.27

𝐼
𝐺

𝐼
𝐺2

0.2445

𝐼
𝐺21

0.4729 9.24 9.24 9.47 9.17 9.06
𝐼
𝐺22

0.2844 8.52 8.52 9.02 8.73 8.85
𝐼
𝐺23

0.1699 9.27 9.27 9.16 9.37 9.13
𝐼
𝐺24

0.0729 6.04 6.04 6.13 6.21 5.95

𝐼
𝐺

𝐼
𝐺3

0.5677

𝐼
𝐺31

0.0687 7.35 7.35 7.28 7.4 7.39
𝐼
𝐺32

0.1930 5.74 5.84 5.93 6.18 6.39
𝐼
𝐺33

0.1932 5.64 5.94 6.43 6.48 6.19
𝐼
𝐺34

0.5451 9.37 9.47 9.26 9.57 9.13

𝐼
𝐺

𝐼
𝐺4

0.0754 𝐼
𝐺41

0.4000 2.52 2.53 2.78 2.73 2.47
𝐼
𝐺42

0.6000 0.85 0.94 1.83 2.18 1.49

𝐼
𝐶

𝐼
𝐶1

0.4500 𝐼
𝐶11

0.6000 8.63 8.72 9.47 8.95 9.27
𝐼
𝐶12

0.4000 9.04 9.04 9.16 8.17 7.96

𝐼
𝐶

𝐼
𝐶2

0.5500 𝐼
𝐶21

0.4500 8.47 8.38 8.58 8.66 9.02
𝐼
𝐶22

0.5500 9.34 9.44 9.57 9.27 9.06

building parts suppliers. In order to avoid the influence
of subjective factors in the evaluation process, the method
which is combined with Kent index and catastrophe theory
is introduced; meanwhile some improvements are made to
the method. This paper takes a practical case to verify the

improved method. The result of the practical case shows that
this improved method can effectively reduce the influence of
subjective factors, abate the effect of a single factor on the
selection result, achieve the comprehensive consideration of
the selection process, and lay a certain foundation for green
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Table 12: Final scores of five suppliers.

Index A B C D E
Product coefficient 0.9910 0.9908 0.9723 0.9820 0.9780
Enterprise coefficient 1.2707 1.2363 1.2500 1.2467 1.2026
Green coefficient 3.3130 3.2491 2.7661 2.6623 2.9573
Cooperation index 3.9695 3.9732 3.9964 3.9686 3.9711
Total score 16.5611 15.8123 13.4351 12.9346 13.8137

building supplier selection and evaluation. The improved
method has absorbed the merits of the two methods and
hence is of applicative value.

Adopting the comprehensive application of Kent index
method and catastrophe theory to evaluate and select the
green building parts suppliers is in the trial stage. The weight
of each evaluation index and the corresponding scores still
rely on the expert scoring method to determine. Therefore,
the accuracy and rationality of this method are open to
discussion. It is hoped that this method can be further
improved after the combination of more practical cases.
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This work aims to investigate the fretting fatigue life and failuremode of steel Q235B plates in single-lap bolted joints. Ten specimens
were prepared and tested to fit the S-N curve. SEM (scanning electron microscope) was then employed to observe fatigue crack
surfaces and identify crack initiation, crack propagation, and transient fracture zones. Moreover, a FEM model was established to
simulate the stress and displacement fields. The normal contact stress, tangential contact stress, and relative slipping displacement
at the critical fretting zone were used to calculate FFD values and assess fretting fatigue crack initiation sites, which were in good
agreement with SEM observations. Experimental results confirmed the fretting fatigue failure mode for these specimens. It was
found that the crack initiation resulted fromwear regions at the contact surfaces between plates, and fretting fatigue cracks occurred
at a certain distance away from hole edges. The proposed FFD-𝑁 relationship is an alternative approach to evaluate fretting fatigue
life of steel plates in bolted joints.

1. Introduction

Bolted joints are widely used in many engineering structures
directly subjected to dynamic loads, while fatigue failure is a
major failure mechanism for these joints. In particular, there
are a few contact surfaces in bolted connections, in which
microslip at the interfaces inevitably occurs under cyclic
loading. The wear damage and fretting damage due to the
microslip between the contact surfaces thus lead to fretting
fatigue failure. Although many works related to fretting
fatigue life have been conducted experimentally and numeri-
cally, it is still an open problem due to its intrinsical com-
plexity. In fact, fretting fatigue is heavily sensitive to material
properties, joined details, wear, corrosion, and so forth. It
stillmeets tremendous difficulties to assess fretting fatigue life
quantitatively.

Chakherlou et al. investigated the effect of clamping force
on the fatigue life of bolted plates by means of testing and
3D finite element method. They found that the compressive
stresses around plate holes were beneficial to the fatigue life of
bolted plates, and the improvement was more effective in the
high cycle life region [1]. However, the increase of clamping

force would induce fretting damage due to high contact
stresses. Lee et al. conducted a test to investigate the fretting
fatigue behavior of cavitation shotless peened titanium alloy
(Ti–6Al–4V), and numerical analysis based on finite element
code ABAQUS was performed [2]. Moreover, aluminum
alloy specimens made of 7075-T6 with bolted cold expanded
hole were tested. The fatigue life and the effect of clamping
force on the residual stress distribution resulting from cold
expansionwere investigated [3].The results indicated that the
failure mode changed from notch fatigue to fretting fatigue.
Also, Chakherlou et al. studied the lubricating effect on fric-
tion of aluminum alloy shear lap joints with different clamp-
ing forces [4]. Furthermore, the fatigue lives of interference
fitted-bolt clamped double-lap joints and bolted/bonded con-
nected hybrid joints [5] were evaluated via test and numerical
analysis. Recently, Rahmat et al. studied the fretting life of
Al7075-T6 considering the combined effect of fretting and
notch. The fractographic analysis demonstrated that the
crack initiation resulted from fretting damage [6].

Some researchers also dealt with fretting fatigue of single-
lap joints. Starikov investigated the fatigue life of single over-
lap fastened aluminum joints under FALSTAFF spectrum
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Figure 1: Schematic of specimens and the assembling, dimensions in mm.

blocks [7]. Hoang and his coworkers investigated the failure
mode of a bolted single-lap joint under tension-shearing
[8]. Ju et al. also studied a butt-type bolted steel connection
using finite element method; they found that linear fracture
mechanics was still adaptive to the bolted joint problem in
spite of its highly nonlinear structural behavior [9].

In addition, the fretting fatigue behavior of a steel-
aluminum bolted assembly was studied by testing and finite
element analysis. The fretting mechanism at the interface
connected different materials was analyzed by means of
scanning electron microscope (SEM) and energy dispersive
spectrometer (EDS) [10]. Maximov et al. developed a fabrica-
tion process by which beneficial residual hoop compressive
stresses around the bolt hole were almost uniformly dis-
tributed along the axis of the holes, so that the fatigue life
of the net section in fitted-bolt connections was increased
[11]. Liu et al. used two critical plane models to predict
the fatigue life of bolted aluminum alloy joints subjected to
different stress ranges, and the results were compared to the
experimental values [12].Hobbs et al. investigated the effect of
eccentricity on the fatigue life of bolts.Their results indicated
that the eccentric load reduced the fatigue life of bolts, which
was proportional to the enhancement of the local stress
amplitude induced by the eccentricity [13]. Using a 2D finite
element model, Hojjati-Talemi et al. employed continuum
damage mechanics to predict the crack initiation of spec-
imens made of aluminum alloy 7075-T6 in contact with
square-angled pads; extended finite element (XFEM) analysis
was then carried out to predict crack propagation life [14].

Oskouei and Ibrahim improved the fretting fatigue per-
formance of Al 7075-T6 bolted plates by using electroless
Ni-P coatings with a thickness of 40𝜇m [15]. They reported
that there was good adhesion between the Al substrate and
Ni-P deposit at low and moderate loads, while fracture
and delaminations of the coating film at high cyclic loads
occurred. Furthermore, the effects of clamping pressure and
friction force on the fretting fatigue performance of Al 7075-
T6 bolted plates with electrolessNi-P coatings were examined
based on a 2D finite element model, in which Ni-P coatings
with thickness of 40 𝜇m were separately modeled with fine
meshes, and the mechanical properties were determined

using nanoindentation method [16]. Recently, Oskouei et al.
also investigated the surface roughness and chemical phase
composition of the fretting damaged zone for Al 7075-T6
bolted plates; the influence of fretting fatigue damage on the
surface roughness for Ni-P coated and uncoated Al 7075-T6
bolted plates was examined [17].

As mentioned above, most of the existing works focused
on the fretting life of Al or Ti alloy bolted plates commonly
used in mechanical and aerospace industries.This work aims
to investigate the failure mechanism of steel bolted single-
lap steel joints, which is often used in civil engineering. This
paper is organized as follows. The specimen preparation and
testing plan are described in Section 2. Next, the fatigue
testing results and SEM analysis are presented in Section 3.
In Section 4, numerical simulations using finite element
method are conducted. Finally, some conclusions are drawn
in Section 5.

2. Specimens Preparation and
Testing Procedure

2.1. Testing Specimens. Ten specimens made of commer-
cial steel Q235B, with chemical composition expressed in
percentage (wt.%) as Si 0.03, Mn 0.28, P 0.012, C 0.18,
and S less than 0.005 provided by the manufacturer, were
manufactured to conduct fretting fatigue tests. Additionally,
two specimens were used to test mechanical properties such
as yielding strength, Young’s modulus, and ultimate strength.
The distance between bolts and edge position satisfied the
specification in [18]. The specimens were designed as “dog
bone” configuration with two bolts. The detailed sizes and
assembly are shown in Figure 1.The specimen had two drilled
holes with a diameter of 22mm. The contact surfaces were
treated by the sand-blast method to improve the friction at
the interface. Two M20 hexagon-head bolts of strength class
10.9 fastened the plates both with thickness of 5mm. By
using a wrench, the expected clamping force was achieved
with torque of 435N⋅m, corresponding to pretension force of
155 kN and torque coefficient of 0.14. We employed the same
wrench and operational procedure to ensure approximately
equal torque or clamping force for each specimen.
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Specimen

Actuator

Figure 2: Experimental setup of the fretting fatigue test.

2.2. Testing Setup. In this work, tensile test, fatigue test,
and microscopic test (scanning electron microscope) were
utilized to obtain material parameters and fatigue life and
identify the microscopic mechanism of the fretting fatigue
failure, respectively.

Firstly, the tensile test for steel Q235B aimed to obtain
mechanical properties, such as Young’s modulus, yielding
strength, and ultimate strength. These parameters were used
to evaluate the stress ranges in the following fatigue test, also
implemented in the finite element model in Section 4. In
addition, the tensile test for an assembled specimen was also
conducted to assess the critical slipping load, which corre-
sponded to the frictional slipping failure at the macro level.

Fretting fatigue testing of ten specimens was then carried
out by usingMTS-50 hydroservemachine. Figure 2 displayed
the testing instrument. The cyclic loading was constant
amplitude harmonic waves at a frequency of 30Hz, and
the stress ratio 𝑅 = 0.1. To avoid slipping failure modes
between two plates, the maximum loads were controlled at
less than 95 kN, obtained from the previous tensile test of the
assembled specimen.

Fractographic analyses were consequently carried out on
four typical fractured specimens utilizing a scanning electron
microscope (JEOL JSM-6460). The SEM specimens were
prepared by means of line cutting, alcohol rinsing, and air-
drying.We particularly focused on the fatigue crack initiation
sites, fretting wear damage, and characteristics of facture
zones.

3. Experimental Results and Discussions

3.1. Tensile Test. The specimens for the tensile test were made
of commercial steel plate designated as Q235B in accordance
with [19]. The detailed experimental results are listed in
Table 1.

3.2. Fretting Fatigue Testing Results. Asmentionedpreviously,
the maximum loading amplitude was restrained according
to the tensile testing for an assembled specimen to realize
the expected fretting fatigue failure mode, rather than the

Table 1: Experimental mechanical properties of steel Q235B.

Yielding strength
(MPa)

Ultimate strength
(MPa)

Young’s modulus
(MPa)

317.7 476.6 1.96𝐸5

slipping failure at the contact surfaces. All ten specimens
exhibited wear damage in the contact regions between
washers and plates. Among them, eight specimens fractured
due to fretting fatigue cracks. The test for the other two
specimens was terminated when the loading cycles reached
1𝐸7. Herein, the specimen with the stress range of 125MPa
did not fracture, which was designed to determine the fatigue
durance. Next, the stress range was increased up to 137.5MPa;
the failure of the specimen was due to fatigue cracks. Then,
the stress range was decreased to 131.25MPa; fatigue failure
did not occur when the life reached 1𝐸7. Since the relative
deviation between 137.5MPa and 131.25MPa was less than 5%
and the main objective of this work was not to determine
the fatigue durance life accurately, the fatigue durance of the
connection was then evaluated as the average of 137.5MPa
and 131.25MPa, that is, 134.4MPa. The tested fatigue lives
subjected to different stress ranges are shown in Figure 3.
Correspondingly, the S-N relationship was fitted in terms
of experimental results (see (1)). The final cracks of seven
specimens and wear damage are shown in Figure 4, in which
specimen S9 corresponds to fatigue life of 1𝐸7.

𝑆 = 132.2 (1 +
12156.26

𝑁0.8384
) . (1)

It was observed that all fatigue cracks propagated across
the wear regions between the plates. The final crack sites
were away from the hole edges, which were close to the
actuator. The characteristic of the fractography morphology
demonstrates that the fatigue cracks originate from the
fretting effect at the contact surfaces and propagate toward
the side edges parallel to the loading direction. It was also
observed that iron oxide powders dropped down at the fixed
bottom end during cyclic loading. There were marron red
wear zones around the fatigue crack sources for all specimens.
Particularly, the fretting damage was more severe as the
fatigue life was longer, corresponding to smaller stress ranges.

3.3. Fractographic Observations. Since the fracture zone was
approximately symmetric about the central axis, half a frac-
ture surface of each specimen was scanned in the following
tests, and each scanned fracture surface consisted of four
subregions. The SEM images for a fracture surface with
different magnification times are shown in Figure 5.

It was found that the fretting fatigue initiation exhibited
a multisource characteristic, and the fatigue crack initiation
sites occurred at the middle contact surfaces between the
plates. Then, the crack propagated toward the two side edges
and the opposite surface. As the crack length reached a critical
size, the specimen fractured rapidly. In most cases, the spec-
imens did not fracture completely since the loading machine
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Figure 3: Experimental fatigue lives and fitted S-N relationship.
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Fretting 
fatigue crack

Wear damage

Figure 4: Illustration of fatigue fracture surfaces and fretting damage at the contact surfaces.

was programmed not to run beyond 1mm for its protection.
The fatigue crack initiation zone, propagation zone, and tran-
sient fracture zone for a specimen are illustrated in Figure 5.
The fatigue crack initiation zone is smooth and bright in
comparison to other sites. It is worth noting that the fracture
surfaces become smootherwith the increase of the fatigue life.

4. Finite Element Analysis

4.1. Finite Element Model. Since the fretting fatigue crack of
bolted joints often initiates at the contact surfaces between
plates, it is difficult to observe the crack initiation, propa-
gation, and fracture process and measure strain and relative

slipping at the critical interface directly. Besides, the fatigue
test is often time-consuming and expensive. Thus, finite ele-
ment method is often used to interpret experimental results
and conduct parameter analysis. Keikhosravy et al. utilized
a 3D finite element model validated by the monotonously
tensile testing results to investigate the effect of geometric
sizes on the stress distribution in Al 2024-T3 single-lap joints
with one bolt. And it was found that the parameters of plates’
width and edge distance influenced the stress distribution in
accordance with different failure modes [20]. Additionally,
the Mises stress distribution on the hole circumference
and shifting of failure modes of Al 2024-T3 in double-lap
bolted joints with single and double fasteners were also
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Sites of fretting fatigue crack initiation

Fatigue striation

Fatigue crack 
initiation zone

Fatigue crack 
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Transient 
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Contact surface between plates Side edge of the plate

(a)

Fatigue striation

Dimples

Fatigue crack 
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Transient 
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(b)

Figure 5: SEM images of a fracture surface (fatigue life = 865471; the left is near the middle of the plate, and the right is close to the side edge);
(a) fractured surface (lower magnification); (b) fractured surfaces at crack initiation, crack propagation, and transient fracture zones (higher
magnification).
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(a) Mesh of half assembled model (b) Refined mesh around plate holes

Figure 6: Mesh of the FEMmodel and refined mesh around holes.
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Figure 7: Mises stress distribution on the contact surface between plates (𝜎
𝑡
= 175MPa).

investigated [21]. Nevertheless, the bearing failure mode of
specimens in this work has been prevented by limitation of
themaximum tensile load;more experimental and numerical
works need to be conducted, in order to further clarify the
effect of geometric parameters, clamping force, and friction
coefficient on the failure modes of this type of joint.

In this section, a finite element model was developed by
ABAQUS software package to predict the stress and relative
slipping in the critical region. Based on the calculated normal
contact stress, tangential contact stress, and relative slipping
displacement, the fretting fatigue life could be reasonably
assessed. Similarly, taking advantage of the symmetry, only
1/2 geometry was modeled in this paper. And it was easily
understood that the bolted joints would be the failure region,
so that the ends of the assembled specimens were excluded
from the finite element models in order to improve the
simulation convergence and efficiency. Herein, a gap of 1mm
existed between the bolt shanks and holes in the plates. And
the mesh around the holes was refined to deal with the stress
concentration. Typical meshes are shown in Figure 6.

The simulation considering contact problems is sensitive
to the boundary conditions and loading rules. In the present
model, one end of the FE model along the loading direction
was fixed, and the other end was loaded with uniform tensile
stress. Due to the symmetry, sliding boundary conditions
along the loading direction were imposed to the symmetry
surfaces, which meant that the plates could deform along the
loading direction and keep fixed in the other two directions.
There were four contact pairs in the models, in order
to simulate the contact interactions including washer/plate
(hard contact), plate/plate (with contact coefficient of 0.45),
plate/washer (hard contact), and washer/nut (hard contact).
Additionally, the clamping forces were simulated by means
of the bolt load provided in ABAQUS. In the first step, a
small clamping force (10N) was loaded. In the next step, the
clamping force was increased up to the specified values.Then,
the uniform tensile stress was exerted at the end of the plate,
while the bolt load was assigned to keep the same length at
the previous step.

The constitutive law for bolts and washers was linear and
isotropic, while the plates were modeled with an elastoplas-
ticity stress-strain relationship measured from the previous
tensile test. The elements were modeled with C3D8R.

4.2. FEM Simulation Results. To simulate and interpret the
experimental results, stress and relative sliding distributions
in the contact zones between plates were mainly investigated,
as the fretting fatigue crack initiation occurred in the contact
interfaces according to the SEM observation. Figure 7 shows
the Mises stress distribution on the contact surface between
plates with a stress range of 175MPa. One can find that
the stress concentration occurs around the holes, and the
maximum Mises stress is two times larger than the far field
uniform stress. From the experimental results, we have found
that nearly all specimens fractured in the contact zones
between the plates adjacent to the loading end (see Figure 7);
the local zone around the hole (dashed line enclosed in Fig-
ure 7) is hence analyzed in detail. The normal contact stress,
tangential contact stress, and relative slipping displacement
perpendicular to the fracture surface are shown in Figures
8(b), 8(c), and 8(d), respectively. Consequently, the stress dis-
tribution and relative slipping in the potential crack initiation
sites numbered 1 to 13 (see Figure 8(a)) are further inves-
tigated. The normal contact stress, tangential contact stress,
and relative slipping displacement of the nodes subjected to
different stress ranges are shown in Figures 8(b), 8(c), and
8(d), respectively. It is easy to see that there is heavy stress
concentration around the holes due to the clamping force.

By calculating FFD values at the contact surface, we
found that the nodes labelled from 1 to 13 at Zone A (see
Figure 8(a)) were the most possible crack initiation sites, in
accordance with the SEM results. Hence, the distributions of
the stress and relative slipping displacement at these nodes
were investigated in detail and shown in Figures 9(a), 9(b),
and 9(c), respectively.

As seen in Figure 9, the normal contact stresses decrease
from Node 1 to Node 13 as a whole, but there are still local
peaks. Furthermore, themaximum tangential contact stresses
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Figure 8: Contact stress and slipping distribution on the contact surface between plates (𝜎
𝑡
= 175MPa). (a) Node label; (b) normal contact

compression stress; (c) tangential contact stress along to the loading direction (𝑥-axis); (d) relative slipping displacement.

uniformly occur at Node 10. In contrast, the relative slipping
displacement roughly increases from Node 1 to Node 13. As
well known, the fretting fatigue crack heavily depends on the
relative slipping and friction force. So, we predict the fretting
fatigue crack initiation in terms of the FFD parameter in the
next section.

4.3. Fretting Fatigue Predicated by FFD. FFD [22] parameter
is defined as

FFD = 𝜇 × 𝜎𝑛
 × |𝛿| × 𝜎𝑟, (2)

where 𝜇 denotes the friction coefficient, 𝜎
𝑛
is the normal

contact stress, 𝜎
𝑟
is the tangential contact stress, and 𝛿 stands

for the relative slipping displacement. Herein, we calculate
the FFD values for the nodes based on the FEM results in
Section 4.2. The FFD values of different nodes subjected to
different stress ranges are shown in Figure 10. It is found that
the FFD coincidently reaches itsmaximum inNode 10, which
matches the experimental fracture sites well for most speci-
mens, approximately 5mm away from the hole edges. More-
over, one can predict the fretting fatigue life based on the FFD
parameter. For different loading cases, the maximum FFD-
fretting fatigue life curve is plotted in Figure 11. Correspond-
ingly, the maximum FFD-fretting fatigue life relationship is

formulated by (3); FFD exhibits good relevancy with fretting
fatigue life.

FFDmax = 11.87(1 +
10
9.97044

𝑁1.80287
) . (3)

5. Conclusions

Ten bolted single-lap joints made of Q235 steel were prepared
to investigate the fatigue behavior. It is found that all spec-
imens exhibit wear and fretting damage. The experimental
phenomena show that fretting damage exists at the contact
surfaces between the plates, where the crack initiation
consequently formswith the damage accumulation due to the
fretting wear. And the SEM observation of the crack surfaces
also demonstrated that the crack nucleation indeed locates
at the contact surfaces between plates. Then, the microcrack
spreads toward the two sides and the opposite surface.
Finally, the specimens rupture as the residual section could
not withstand the tensional stress. In addition, the fatigue life
endurance is also evaluated.

Based on the experimental fatigue life, an analytical
formula is established to fit the S-N relationship. By means
of FEM simulation, normal contact stress, tangential contact
stress, and relative slipping displacement are investigated, and
in particular their distributions at the critical contact zone
are discussed in detail. Based on the numerical results, the
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Figure 9: Distribution of normal stress and tangential contact stress and slipping at different nodes.

fretting fatigue crack initiation at contact interfaces is succes-
sively predicted by using corresponding FFD values, and the
proposed FFD-N formula could be an alternative way to eval-
uate the fretting fatigue life of bolted single-lap connections.
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This study analyzes the performance of wooden structural floors equipped with the self-tensioning system patented by the authors,
consisting of a forcemultiplyingmechanism connected to a self-tensioning tendon,which is activated automaticallywhen the load is
applied to the structural element.The paper describes the system’s difficulties when the structural floor is subjected to asymmetrical
loads. The proposed solution consists of anchoring the tendon by an adhesive connection in the central part of the piece yielding
a favorable redistribution of the bending moments and an effective performance in terms of deformations. The comparative study
focuses on𝜋-shape cross section pieces with spans of 12m and 15m, using sections without prestressing andwith initial prestressing
and self-tensioning system.

1. Introduction

Traditionally, the application of prestressing has been focused
on concrete structures subjected to bending, with the goal
of compensating its low tensile resistance using precompres-
sion. In the case of wood, its high tensile strength has been
one of the main reasons why tensioning solutions have not
been widely developed.

The difficulty of making rigid connections with wood
means that deflected pieces have frequently been used and
arranged over simple supports. The rotation freedom inher-
ent to this type of support generates inefficient bending
stresses and provokes the dimensioning to be strongly
conditioned by deformation limitations. In the conditions
where the pieces are mounted on two supports, prestressing
techniques provide effective solutions to improve the perfor-
mance, in terms of both resistance and deformations.

Traditionally, prestressing of deflected pieces of wood
has been carried out using bonded tendons. These tendons
are made using steel bars or plates [1–5] or by using FRP
fibre-reinforced polymer [2, 6–10]. The tendons subjected
to tension are linked to the wood by adhesive connections,
usually using epoxy or polyurethane-based adhesives. Once
the adhesive has cured and the jack used for tensing the

tendon has been removed, the wood is subjected to compres-
sion. Normally, the tendons are placed eccentrically as they
generate a precamber in the piece.

Additionally, gravitational loads cause a more effective
distribution of the bending stress along the axis of the struc-
tural element. One of the main problems arising from ten-
sioning systems using bonded tendons is the delamination
in the anchorage area due to the high stresses concentration
[11, 12].

Besides the use of bonded tendons, other solutions have
also been studied with unbonded tendons that are tensioned
when the structural element is bearing loads.These solutions
have been employed in timber frames [13–15] and also to
improve the performance of beam-column connections [16,
17]. Another newly developed strengthening technique to
prestress glued laminated timber consists of inserting com-
pressed wood blocks with lower moisture content than the
ambient one, into the precut rectangular holes on the top part
of the glulam beams [18].

2. Self-Tensioning System

In deflected pieces mounted on two supports, the design
is determined by the compliance with the conditions of
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Figure 1: Multiplier device using a system of rods and 𝜋-shape cross section of structural floor.

deformation. One way to counteract this limitation is to
manufacture pieces with a precamber. Another option is
to carry out an initial prestress. However, the efficiency of
both solutions depends on whether the pieces have a camber
limitation based on the desired appearance of the work.
When the condition limiting the design is the integrity of
the construction elements (damage in pavement, ceilings,
etc.), the effectiveness of the solution using manufactured
precamber or initial pretension is affected when there are
significant variable actions. This means that, in the case of
long-span structural floors, usually associated with public-
use buildings with loads varying between 3 kN/m2 and
5 kN/m2, the use of an initial precamber does not completely
solve the significantly large variations in the deformations
produced in the structural element during its service life.
Therefore, this requires increasing the height of the structural
elements to gain rigidity.

A highly effective solution for resolving this situation is
the one involving the self-tensioning system patented by the
authors [19]. It consists of a force-multiplier device made up
of two connecting rods anchored to an eccentric tendon (Fig-
ure 1). When the structural element begins to bear external
loads, the forces transmitted to the supports make the tendon
automatically tighten. The tensioning force magnitude and,
therefore, the value of the bending moment generated by its
eccentricity vary depending on the acting loads, rising and
reducing accordingly.The use of the self-tensioning device in
combinationwith an initial prestress enables the construction
of slenderer structural timber floors conceived for public use,
yielding in all studied cases, to relative deformations below
1/1000 of the span in service loads conditions.

3. System Performance under
Symmetrical Loads

To show the effectiveness of the abovementioned self-ten-
sioning device, we have analyzed the performance of 𝜋-shape
cross section pieces with the following characteristics:

(i) Span length 𝐿 = 15m.

(ii) 𝜋-shape cross section conformed by two laminated
timber ribs of GL28h strength class [20] and an upper
board of cross laminated timber CLT90S L3S formed
by three 30mm sheets of picea abies C24, with a total
thickness of 90mm [21].

Material properties of glued laminated timber
GL28h:

Bending strength: 𝑓
𝑚,𝑔,𝑘

(28MPa).
Tensile strength in the direction of the
grain: 𝑓

𝑡,0,𝑔,𝑘
(22,3MPa).

Tensile strength perpendicular to the grain:
𝑓
𝑡,90,𝑔,𝑘

(0,5MPa).
Compression strength in the direction of
the grain: 𝑓

𝑐,0,𝑔,𝑘
(28MPa).

Compression strength perpendicular to the
grain: 𝑓

𝑐,90,𝑔,𝑘
(2,5MPa).

Shear strength: 𝑓V,𝑘 (3,5MPa).
Modulus of elasticity parallel to the grain:
𝐸
0,mean (12.600MPa).

Shear modulus: 𝐺mean (650MPa).
Characteristic density: 𝜌

𝑘
(425 kg/m3).

Material properties of cross laminated timber:
Bending strength: 𝑓

𝑚,𝑘
(24MPa).

Tensile strength in the direction of the
grain: 𝑓

𝑡,0,𝑘
(14MPa).

Compression strength in the direction of
the grain: 𝑓

𝑐,0,𝑘
(21MPa).

Shear strength parallel to the grain of the
boards: 𝑓V,𝑘 (2,5MPa).
Modulus of elasticity parallel to the grain of
the boards: 𝐸

0,mean (12.500MPa).
Shear modulus parallel to the grain of the
boards: 𝐺mean (460MPa).
Characteristic density: 𝜌

𝑘
(420 kg/m3).

(iii) Cross section’s dimensions (Figure 1):

𝑏 = 180mm; 𝐵 = 1200mm; 𝐻 = 0,030; 𝐻 =

450mm; ℎ1 = 360mm; ℎ2 = 90mm.

(iv) Two types of sections evaluated:

(S1) Section with no prestress and no initial precam-
ber.

(S2) Prestressed section with a 𝐿/500 precamber and
the self-tensioning system.

(v) Self-tensioning systemusing rodswith an initial angle
of 𝛼
0
= 26,57∘, corresponding to initial dimensions of

𝑥
0
= 100mm and 𝑧

0
= 50mm, and a self-tensioning

tendon with an area of Ω = 900mm2 (Figure 1). For
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the prestressing of the pieces, a steel Y1100H [22] has
been considered with elastic limit 𝑓

𝑝𝑘
= 900N/mm2,

tensile strength 𝑓
𝑝max,𝑘 = 1.100N/mm2, and modulus

of elasticity 𝐸 = 205.000N/mm2.

A total uniformly distributed load of 𝐺
𝑘
= 2.07 kN/m2 has

been adopted. This includes the self-weight of the element
(1.07 kN/m2) and the finishing elements (1.00 kN/m2). To
determine the variable loads, an office use was considered,
given that this is the normal situation in which large-span
structural floors are used. For this type of use, the regulations
assign the value 𝑄

𝑘
= 3 kN/m2 [23], and Ψ

2
= 0.3 is adopted

as a factor for the quasipermanent value of variable loads. In
the analysis, the following load hypotheses are considered:

(H0) No load, initial position.
(H1) Permanent load, 𝐺

𝑘
= 2.07 kN/m2.

(H2) Quasipermanent load, 𝐺
𝑘
+ Ψ
2
⋅ 𝑄
𝑘
= 2.97 kN/m2.

(H3) Total load, 𝐺
𝑘
+ 𝑄
𝑘
= 5.07 kN/m2.

For the analysis of the system, it is necessary to take into
account that the applied tensioning force depends on the
geometry of the multiplier device. As the acting load
increases, a significant variation of its geometry is produced,
giving rise to a nonlinear behaviour whose importance
increases inasmuch as the load value increases.This nonlinear
behaviour is positive for the tensioning effects because the
increasing of the deflection of the device leads to an increas-
ing of its multiplier effect (X) and, consequently, of the force
applied on the ends of the beam. To take into account the
geometric nonlinearity of the described system, the analysis
used an incremental load process in which, at each stage, the
multiplier effect corresponding to its state of deformation is
taken into account.

Self-tensioning force at instant 𝑖 is

𝑁
𝑖
= X
𝑖
𝐹
𝑖
=

𝑥
𝑖

𝑧
𝑖

𝑞
𝑖
𝐿. (1)

New multiplier is as follows:

X
𝑖+1

= 2

𝑥
𝑖
+ 𝛿
𝑖

𝑧
𝑖
− √𝑧
2

𝑖
− 2𝑥
𝑖
𝛿
𝑖
− 𝛿
2

𝑖

. (2)

In determining the multiplier effect, the consideration of the
elastic shortening of the rods has been bypassed, of worthless
magnitude in comparison with the lengthening experienced
by the tendon.Therefore, the elastic shortening of thewooden
piece has not been considered because its magnitude is
very reduced due to its high axial stiffness and, besides,
its effect would be favorable by increasing the deflection of
the multiplier device and, consequently, the self-tensioning
force. Finally, in the contact between the connecting rods, the
consideration of friction has been omitted. We have analyzed
the behaviour of themechanism by FEMmodel with software
that allows defining different friction coefficients for each part
(frictional contact and contact stiffness). The experimental
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phase will determine the appropriate parameters. In any case,
the initial results show that the geometry arranged in the
mechanism reduces the possibility of prestressing force loss.

The calculation of the creep deformations of the quasiper-
manent fraction was determined using a factor of 𝑘def =

0.6 corresponding to service class 1, in accordance with the
following expression [24]:

𝜔fin = 𝜔inst + 𝜔creep = 𝜔inst (1 + 𝑘defΨ2) . (3)

When performing the deformations calculations, it is impor-
tant to take into account a small descent at the supports of
the structural element when the mechanic device starts to
bear external loads (Figure 1). The value of this displacement
depends on the geometry of the multiplying device and on
the rigidities of the structural elements. The deflection (𝜔) is
the difference between the displacement at themidspan of the
element (𝑢) and the seat at the supports (𝑠).

In Figure 2, deformations corresponding to 𝜋-shape cross
section pieceswith no prestress (S1) and pieceswith prestress-
ing and self-tensioning system (S2) are shown. The instant
deformations corresponding to the (H2) load hypothesis
(quasipermanent loads) reach the value of 40.24mm in pieces
without prestressing. This value reduces to 6.06mm when
the piece is prestressed and has a self-tensioning device. In
terms of relative deflection, the supports of the tensioned
piece experiment a seat of 9.97mm in the (H2) hypothesis,
causing a relative deflection of 9.97 − 6.06 = 3.91mm. This
relative deflection of 3.91mm represents a distortion of
𝐿/3836 versus the value of 𝐿/373 corresponding to the piece
with no prestressing.

If we consider the creep deformations for this (H2) load
hypothesis, the deflection of the structural floor without
prestressing is 64.38mm (Figure 2).Thismeans that the creep
deformations increase the value of the deflection by 64.38 −
40.24 = 24.14mm. By contrast, for pieces with the tensioning
system, taking into account that creep deformations mean
less of a decrease in the (H2) hypothesis, the value goes from
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Figure 3: Drawing of lock position at the support (beam above) and tendon anchored in the central section (beam below).

6.60mm to 3.71mm. This is due to the positive effect of the
pretensioning, since its permanent load means that the pre-
camber produced at the moment of tensioning increases over
time. Studying the situation in terms of relative deflection,
while the distortion of the tensioned piece is 𝐿/2396, for
the piece with no prestressing, this value increases to 𝐿/233,
which represents a distortion 10 times greater.

Comparing the performances of both piece types, in the
case of the (H3) hypothesis corresponding to the total load,
similar results are obtained. For the tensioned piece, the
relative deflection reaches a value of 𝐿/1775 which increases
to 𝐿/160when the piece does not have the tensioning system.

The results demonstrate the high efficiency of the system
in regard to deformations, as it means that slenderer long-
span pieces can be installed, maintaining very low distortion
levels under service loads conditions.

However, the efficiency improvement of the system is
achieved not only in deformation but in terms of resistance as
well. The maximum breaking strain characteristic value of a
nonstressed 15m spanning piece is reached for a surface load
of 13.10 kN/m2. On the other hand, in the solution with ten-
sioning, the theoretical damage caused by flexocompression
is produced under a load of 18.40 kN/m2. This represents an
increase of 40.46% of its resistant capacity.

4. Performance of the System under
Asymmetrical Loads

The objective of the connecting-rod-based self-tensioning
device is to balance the loads transmitted to the supports
with the tension in the tendon caused by the deformation
of the connecting rods. This system is effective since the
applied load is symmetrical and, therefore, equal magnitude
is transmitted to both supports. Evidently, this situation is
one that, as a general criterion, corresponds to the perma-
nent action of gravity loads. However, variable actions will
generate asymmetrical load situations that transmit forces
of differing magnitude to the supports. In such conditions,
the self-tensioning system is not capable of balancing the
situation unless the device has an additional locking piece
that balances the difference in the horizontal forces produced
by the work of the rods, as shown in the support of the

beam above in Figure 3. While this solution is very simple,
its functioning is inadequate. As a matter of fact, in a piece
that is in a state of equilibrium with the tendon subjected
to tension due to the action of a symmetrical load system,
any asymmetry in the actions on the piece would make the
support device less effective in reaching the locking position
to balance the increase in tension on the tendon produced
in the opposite support. This would lead to an upward
movement of the support to the point of reaching its locking
position. Indeed, this clearly makes it so that, with loads of
varying magnitude and position, which represents the actual
state of the pieces, the self-tensioning devices would be in a
state of permanent movement, seeking the locking positions
in order to balance the ensemble, thus losing a certain degree
of effectiveness.

Besides the locking device, there is a highly efficient
alternative solution that completely solves the problem of
asymmetrical loads. This involves anchoring the tensioning
tendon in the central part of the structural floor, as shown in
the span’s midpoint of beam below in Figure 3. This solution
brings two interesting advantages:

(i) It is very easy to implement since the anchor can be
fixed by injecting epoxy adhesive or adhesive with a
polyurethane base in a short length, because the force
to be anchored is of a very low magnitude, as will be
demonstrated further.Thismeans that, in all analyzed
cases, and according to the studies we carried out on
anchors with adhesive, an adhered length of no more
than 150mm would be more than sufficient [25].

(ii) It allows for tensioning force of different magnitude
in the two halves of the piece. In this way, the tension
is greater in the area where the variable load will
be applied. In an asymmetrical load situation, the
reaction is greater in the support located nearer to
the load action area. A greater reaction results in a
higher tension force and, consequently, in a negative
moment of greater magnitude. Therefore, supports
with the biggest reaction experience the greatest effect
of self-tensioning. This situation in which the action
of the self-tensioning is more intense in the load
area is further enhanced by the nonlinear effect of
the rod system. In a situation with these types of
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Figure 4: Analyzed load hypotheses.

asymmetrical loads, the sole purpose of the adhered
central anchor is to balance the different tension
produced in the tendon caused by the different load
transmitted to the structural floor supports.

In order to check the self-tensioning system performance
under asymmetrical loads, structural floors of lengths 12m
and 15m were analyzed in two sections: (S1) section with-
out prestressing or initial precamber and (S2) section with
prestressing to a precamber of 𝐿/500, with a self-tensioning
system. For this analysis, it has been considered that the
self-tension is achieved through the connecting rods with an
initial angle of 𝛼

0
= 26.57

∘.
To determine the imposed loads, two issuesmust be taken

into account: firstly, this type of large-span structural floor
is generally associated with public-use buildings; secondly,
the main purpose of the analysis is to check the performance
of the structural floor under the action of the asymmetrical
loads. For now, two representative situations are considered:

(i) Administrative use and public use with furnishings:
𝑄
𝑘
= 3 kN/m2. Quasipermanent value of variable

loads. Ψ
2
= 0.3.

(ii) Commercial areas and public use with no constraints:
𝑄
𝑘
= 5 kN/m2. In this case, regulations establish a

coefficient for the quasipermanent section of Ψ
2
=

0.6. However, for the purpose of a comparative study
and with the goal of checking the functioning of

the structural floor subjected to the action of high-
magnitude asymmetrical loads, we have considered
that Ψ

2
= 0. This allows us to analyze the undesirable

situation of asymmetrical load which results from
considering the entire use load value as variable in its
position in the piece.

In Table 1, the geometric characteristics and the load values
of the structural floors studied are summarized.

For the comparative study of the system performance, the
following load action hypotheses were considered (Figure 4):

(A) A quasipermanent hypothesis (𝐺
𝑘
+ Ψ
2
𝑄
𝑘
). For the

variable load of 3 kN/m2, the value of 0.90 kN/m2 cor-
responding to the quasipermanent fraction was con-
sidered, while for the variable load of 5 kN/m2, the
quasipermanent section was not considered, for the
previously described reasons.

(B) B1 to B7. These correspond to the quasipermanent
hypothesis (A) plus the variable load with a uniform
value of 𝑄

𝑘
(1 − Ψ

2
) applied to a length of 𝐿/4 that is

displaced along the piece, with a distance of 𝐿/8.
(C) C1 to C3. These correspond to the quasipermanent

load (A) plus the variable loadwith a uniform value of
𝑄
𝑘
(1 − Ψ

2
) applied to a length of 𝐿/2 that is displaced

along the piece, with a distance of 𝐿/4.
(D) Total load situation (𝐺

𝑘
+ 𝑄
𝑘
).
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Due to the differences between the reactions of the piece
supports, the tension force in both ends is also different, as is
the displacement of the head of the tendon. The presence of
asymmetrical loads automatically raises the abovementioned
singular situation: the inequality of the reactions at the
supports of the structural element provokes the tensioning
forces in the beam’s ends to be different. Accordingly, the
displacement of the tendon’s head will also be different. This
means that the occurrence of nonlinear geometry of the rod
system is also different in both ends, so that the multiplier
that generates the tension force changes with the load in
different ways for both supports. This effect is reflected in
Figures 5 and 6 which correspond to F1 (𝐿 = 12m and
𝐻 = 360mm) and F4 (𝐿 = 15m and𝐻 = 500mm), respec-
tively. A multiplier device was considered, made up of two
rods anchored by an eccentric tendon (Figure 1) with an
initial angle of 𝛼

0
= 26.57

∘ that corresponds to a multiplier
of 4.0 force value. Evidently, there is an initial stage in which
the multiplier is the same for both supports. This is because
these are symmetrical loads corresponding to the action of
the so-called quasipermanent hypothesis (A), with a value
of 2.82 kN/m2 for F1 and 2.16 kN/m2 for F4 (Table 1). After
this first stage, the increases in load are always of variable
load type, applied in the position that corresponds to the
different hypotheses studied (B1 to B7, C1 to C3, and D).
This means that, except for symmetrical load situations (A,
B4, C2, and D), for each of the remaining hypotheses, two
curves are obtained, corresponding to the multiplier (X) at
each end. For example, for an F4 type piece, of 15m length,
in which a permanent load of 2.16 kN/m2 and a variable
load of 5.0 kN/m2 are applied (7.16 kN/m2 of total load), the
multipliers would be equal in both value extremes 4.30 (A),
4.52 (B4), 4.82 (C2), and 6.33 (D), due to the symmetry of the
loads; in the remaining hypotheses, different multipliers are
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obtained on both ends: 4.74 and 4.35 (B1 and B7); 4.66 and
4.40 (B2 and B6); 4.59 and 4.46 (B3 and B5); 5.28 and 4.52
(C1 and C3).

Furthermore, the difference between the tension forces
of both halves of the piece when subjected to asymmetrical
loads obliges the tendon anchor in the central area to balance
the different stresses on the tendon. It has been previously
noted that the anchor could easily be created using an
adhesive connection given that the forces transmitted had
been reduced. Figures 7 and 8 show the force that would need
to be anchored in F1 and F4, respectively. It is important to
highlight that there is an initial section in the graphs where
the force in the anchorage would be nonexistent.That is when
load on floor is ≤2.82 kN/m2 and ≤2.16 kN/m2 for structural
floor types F1 (Figure 7) and F4 (Figure 8), respectively. This
is so for the quasipermanent load (hypothesis (A)) action
due to the symmetry of its action. From this point, the force
depends on the magnitude of the variable action and on
the hypothesis considered. Note that even in the unfavorable
situation corresponding to F4 and (C1) and (C3) hypotheses,
the load that we need to anchor would be 71.02 kN, a
value that is reached with an epoxy adhesive connection of
approximately 150mm [25].

To illustrate the performance of the self-tensioning sys-
tem, the deformations of the pieces have been graphed for the
different load hypotheses mentioned above. As has already
been indicated, the action of the asymmetrical loads gener-
ates differing tension forces in both ends and, simultaneously,
seats in the supports of differing magnitude. In Figure 9, the
deformations of the F1 structural floor type corresponding
to hypotheses (B1) to (B4) are shown (to make it easier to
visualize, the representations of hypotheses (B5) to (B7) have
been omitted, given that the results would be symmetrical).
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The (A) and (D) hypotheses are also represented which cor-
respond to the quasipermanent situation and total load,
respectively. The (B1) hypothesis leads to a greater difference
among themultiplier values at the extremes (4.60 and 4.43, as
shown in Figure 5), resulting in different seats at the supports.
Based on the quasipermanent situation (A), in which the
seat of the supports is 7.93mm, the variable asymmetrical
action (B1) gives rise to a seat of 10.99 − 7.93 = 3.06mm
in one support and 8.35 − 7.93 = 0.42mm in the opposite
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support. Considering that the maximum decrease produced
in the span is 7.85mm, the distortion produced in the piece
is only 𝐿/6593. In the (B2), (B3), and (B4) hypotheses,
the relative deflections are 𝐿/11009, 𝐿/3889, and 𝐿/3158,
respectively. Even in the hypothesis of total load (D), the
displacement difference between the center and the supports
is only 10.21mm, even though the piece is 12m long, leading
to a distortion of 𝐿/1175. As can be clearly seen in Figure 9,
in hypothesis (B1), the piece retains a precamber in relation
to the straight line that connects the supports. In the case
of (B2), the distortion is practically nonexistent and then
progressively increases as the load shifts towards themidspan.

In Figure 10, the performance of the piece without pres-
tressing (S1) is compared with the piece with prestressing and
self-tensioning system (S2). The deformations from hypoth-
eses (A), (B1) to (B7), and (D) are graphed. The “zones”
are shaded where the deformations corresponding to the
hypotheses are located, with the variable load moving along
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the piece; this way, we can visualize the extraordinary differ-
ence between the performances that both section types, (S1)
and (S2), present.

In Figure 11, the deformations corresponding to the same
analyzed piece (F1 type structural floor) are displayed for
hypotheses (A), (C1), (C2), and (D). Hypothesis (C1), with
one-half of the beam fully loaded, leads to a greater difference
between the support multipliers (4.76 and 4.51, as seen in
Figure 5). The variable action leads to an increase of the seat
of 5.72mm in one support and 1.76mm at the opposite end,
with a distortion of the entire piece of 𝐿/2985. For hypothesis
(C2), the relative deflection reaches a value of 𝐿/1350.

Figure 12 shows the clear differences in performance
between the pieces without prestressing (S1) and the pieces
with prestressing and self-tensioning system (S2). Again, the
shaded areas allow seeing the great effectiveness of the self-
tensioning system in terms of relative deflection.

The results obtained in the F3 structural floor type are
similar to those corresponding to F1, since the variable load
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increase (from 3 kN/m2 to 5 kN/m2) is compensated by the
increase in rigidity from increasing the height (from 360mm
to 400mm). In the case of hypotheses (B1), (B2), (B3),
and (B4), the F3 structural floor presents distortions of the
following values, respectively, 𝐿/1111, 𝐿/1757, 𝐿/3659, and
𝐿/5854. For the same hypotheses, if they were applied to the
F1 structural floor, it would result in the following distortion
values: 𝐿/6593, 𝐿/11009, 𝐿/3889, and 𝐿/3158. In the case of
the F3 structural floor, the distortion is lower in the (B3) and
(B4) hypotheses than in those of (B1) and (B2), contrary to
what happens with the F1 structural floor. This is a direct
consequence of the fact that the variable load of 5 kN/m2
in (B1) and (B2) hypotheses is located very close to the
supports, generating little positive bending.Nevertheless, this
also generates an important autotensioning moment, so the
pieces of these hypotheses get a precamber. In the F1 type,
this effect has a lower incidence, as the variable load has lower
magnitude. On the other hand, in the case of the F3 structural
floor, the (C1) and (C2) hypotheses give rise to distortion
values of𝐿/5811 and𝐿/1799, against the values of𝐿/2985 and
𝐿/1350 corresponding to F1.

We can also analyze the significant difference in the
level of structural performance, under the point of view of
stresses, between the tensioned solution (S2) and the non-
tensioned solution (S1). In Figures 13 and 14, bending
moments have been graphed for the pieces of 15m span
length and the different load hypotheses. Comparing the
results corresponding to the pieces without prestressing with
those obtained from tensioned sections, it can be seen that the
tensioning produces an efficient redistribution of the stresses.
The solution involving the adherence of the tendon to the
central part of the piece does not only solve the force bal-
ancing resulting from the action of the rod system. Besides
this, it adequately redistributes the bending stresses in
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accordance with the acting forces. This occurs because
the asymmetrical tensioning generates a greater negative
moment in the part of the beam where the load is acting.
The moment graphs corresponding to asymmetrical load
hypothesis are represented supposing a point load in the
central anchorage area. Accordingly, the load distribution
in the anchoring will occur with a nonuniform distribution
of the tensions throughout all the glued area. This will
modify the moments graph in the anchoring area. We have
selected this representation type because it does not affect
the comparative analysis of sections (S1) and (S2). Besides
this, the precise knowledge of the tension redistribution at the
anchoring requires an experimental check that has not been
carried out yet.

Results show that it is possible to easily modify the
bending moments and consequently the piece deformation
diagrams by varying the tension force and the geometry of
the multiplier. Thus, the solution can be optimized.

5. Conclusions

The use of prestressing and a self-tensioning system with a
multiplier mechanism, automatically activated when load is
applied to the structural element, comprises a very effective
solution for 𝜋-shape cross section timber structural floors.

A study was carried out comparing pieces for 𝜋-type
sections with no prestress and sections with an initial pres-
tress and a self-tensioning system, spanning 12m and 15m,
height values of 𝐿/33 and 𝐿/30, and for variable use loads
of 3 kN/m2 and 5 kN/m2, respectively. The results show
effective redistribution of bending stress and a reduction in
deformations, which means the possibility of constructing
slenderer timber structural floors with relative deformations
below 𝐿/1000 when in service.

The problems posed by the action of asymmetrical loads
are effectively solved by adhering the anchor in the central
part of the piece. Using this solution, tensioning strength is
achieved where the magnitude is greater in precisely the area
of the active load, which increases the efficiency of the system.
Through the studied cases, it has been proved that the tendon
can be anchored with an adhesive connection area no larger
than 150mm in length.
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forcement of glulam beams with CFRP plates,” Materials and
Structures, vol. 49, no. 7, pp. 2841–2855, 2016.

[7] Z. W. Guan, P. D. Rodd, and D. J. Pope, “Study of glulam beams
pre-stressed with pultruded GRP,” Computers and Structures,
vol. 83, no. 28–30, pp. 2476–2487, 2005.

[8] A. Yusof and A. L. Saleh, “Flexural strengthening of timber
beams using glass fibre reinforced polymer,” Electronic Journal
of Structural Engineering, vol. 10, pp. 45–56, 2010.
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Conventional construction methods of reinforced concrete (RC) structures generally require a long construction period and high
costs due to many on-site temporary form works. In this study, a prefabricated permanent thin-walled steel form integrated with
reinforcement cage (PPSFRC) was developed, and it makes for a fast-built construction by reducing the temporary form works.
Axial compression tests were conducted on a total of 9 test specimens to investigate the structural performances of the newly
developed columns. The proposed column construction method utilized relatively thinner steel plates compared to conventional
concrete-filled tube (CFT) columns, but it was designed to have sufficient resistance performances against the lateral pressure of
fresh concrete and to prevent the buckling of the thin plates by utilizing the steel angles and channel stiffeners prefabricated in
the permanent thin-walled steel form. The experimental results showed that the column specimens fabricated by the PPSFRC
method had better local buckling resistance and behaved in a more ductile manner compared to the conventional CFT columns.
In addition, the axial strengths of the test specimens were compared with those estimated by design provisions, and the flexural
moments induced by initial imperfection or accidental eccentricity of axial loads were also discussed in detail.

1. Introduction

Reinforced concrete (RC) structures have been widely used
in constructions of buildings and infrastructures based on
technology and know-how accumulated over the last several
decades as well as excellent cost competitiveness of con-
crete material. However, recently with a sharp increase in
labor costs, the on-site temporary works including concrete
formworks require high costs in construction markets. Espe-
cially for the cases of bridge and building structures with
high story heights, the construction time and costs for the
temporary works have significantly increased, and thus the
competitiveness of the RC construction method has been
greatly fallen off [1–3]. In typical RC frame constructions, the
construction process of columns is one of the critical paths,
and it is, therefore, absolutely advantageous to minimize the
on-site temporary works for reduction of the construction

period. In this study, a prefabricated permanent steel form
integrated with reinforcing cage (PPSFRC) was developed to
overcome such problems inherent in the typical RC construc-
tion method, and the structural performance of the columns
produced by utilizing the new fast-built constructionmethod
was also investigated.

Figure 1 shows the prefabricated permanent steel form
integrated with reinforcing cage (PPSFRC) developed in
this study according to the fabrication process. The thin-
walled steel plate tube was reinforced by the multiple steel
stiffener angles and channels in the longitudinal and trans-
verse directions, and longitudinal reinforcements and shear
reinforcements were also placed inside the permanent steel
form. After the fabrication of a half part of steel cage, the
longitudinal and transverse reinforcement were placed in
the cage, and the multiple steel stiffener angles were then
welded to the longitudinal channels in the longitudinal and
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Longitudinal rebar

Steel form
Fixing steel

Transverse rebar

(a) Concept of proposed permanent steel form integrated with
prefabricated reinforcement cage

⟨Completion of steel cage with reinforcement⟩⟨Covering a quarter of steel cage⟩

⟨Arrangement of reinforcement and channels⟩⟨Fabrication of a half part of steel cage⟩

(b) Fabrication process of proposed permanent steel form

Figure 1: Permanent thin-walled steel form integrated with prefabricated reinforcement cage.

transverse directions. Then, after a quarter of the steel cage
was covered by welding it to the longitudinal channels, the
last quarter of the steel cage was covered by welding it to
the longitudinal channels as well. The thin-walled steel form
was designed to prevent excessive deformations that can be
possibly induced during the transportation and temporary

works and by the lateral pressure of fresh concrete. Since the
reinforcement cages are prefabricated inside the permanent
steel form, the concrete can be cast right after installations of
the steel form, and thus construction time can be significantly
reduced.The permanent steel form has quite a thin thickness,
and thus the strength contribution of the steel form on
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Table 1: Summary of test specimens.

Number Specimen Compressive strength of concrete (MPa) Steel form Yield strength of reinforcing bars (MPa) Gap
1 R21-S600 21 X 600 X
2 P21-S600 21 O 600 X
3 P21-S400 21 O 400 X
4 P21-S600G 21 O 600 O
5 R30-S600 30 X 600 X
6 P30-S600 30 O 600 X
7 P30-S400 30 O 400 X
8 P30-S600G 30 O 600 O
9 CFT 21 X — X

the column is neglected, and only the concrete and rebar
placed inside the steel form are considered in the strength
calculation just like a typical RC column. If the column with
PPSFRC is considered as a composite member, the minimum
steel area ratio (𝐴

𝑠,min) and the width-to-thickness ratio
((B or D)/𝑡max) should satisfy the design criteria required
for steel-concrete composite columns. In the design of the
columns with PPSFRC, however, the strength contribution
of the steel form on the column strength is neglected, which
means that the requirements of the minimum steel area
ratio and width-to-thickness ratio can be neglected in their
design. For this reason, an efficient design can be possible by
employing very thin steel plates. The PPSFRC columns can
also secure good fire resistance that is equal to or higher than
that of conventional RCmembers, and thus no additional fire
protection is required for their applications [4, 5].

2. Experimental Program

2.1. Test Specimens. In order to investigate the structural per-
formances of the PPSFRC columns under axial loads, a total
of nine specimens was fabricated, among which two speci-
mens were conventional RC columns (R-series specimens),
six specimens were PRSFRC columns (P-series specimens),
and one specimen was concrete-filled tube column (CFT
column). As summarized in Table 1, the types of column, the
compressive strengths of concrete, and the strength grades of
reinforcing bar were considered as the key test parameters,
and, especially in the P21-S600G and P30-S400G specimens,
10mm gaps were intentionally introduced between the steel
form and the load-transfer plate on the top to prevent the
local buckling (see Figure 2(b)) [6–9]. As shown in Figure 2,
all the test specimens were 1480mm in height and 350mm
in width (B). The top and bottom of the test specimens
were reinforced with the load-transfer steel plates with a
thickness of 40mm to avoid stress concentrations at loading
points and to introduce uniformly distributed compressive
stresses over the cross section of the test specimens. In
addition, two stiffeners with 12mm and 75mm in thickness
and length, respectively, were provided on each side of the top
and bottom of the specimens to prevent the local buckling
(see Figure 2(b)). For better workability of fresh concrete,
a hole with a diameter of 150mm was placed at the center

of the top load-transfer plate, and four air-vent holes with a
diameter of 30mmwere placed on each corner of the column
specimen. The P-series specimens and the CFT specimen
had a hole with a 20mm in diameter at 300mm away from
the bottom face of the test specimens so that the concrete
filling can be visually checked during the concrete casting.
In the R-series and P-series specimens, four screw-ribbed
reinforcing bars with a diameter of 25.4mm were used in
the longitudinal direction, and hoops with a diameter of
9.5mm were provided at 150mm spacing. The reason for
the use of the screw-ribbed reinforcing bar with the large
diameter is to facilitate simple mechanical splice connections
of the longitudinal reinforcements [10]. In the steel plates
of the P-series specimens, the steel tube was welded with
groove in the longitudinal direction. C-40 × 25 × 4 steel
channels were attached on four inner sides of the steel
form in the longitudinal direction by fillet welding with
3mm wide and 100mm long at every 300mm to prevent
excessive deformations induced by the lateral pressure of
fresh concrete, and L-25 × 25 × 3.2 steel angles were also
placed at 600mm spacing in the transverse direction and
welded to the longitudinal channels using fillet welding with
a width of 5mm.

Table 2 shows a summary of the current design code
provisions related to CFT columns, specified in the American
Institute of Steel Construction (AISC), Eurocode 4, and
Korean Building Code (KBC) [11–13]. The revised KBC and
AISC alleviated the limits of the width-to-thickness ratio
(𝐵/𝑡
𝑤
) and theminimum area ratio of a steel material (𝐴

𝑠,min)
and expanded the application ranges of thematerial strengths
of concrete and steel plates (𝑓

𝑐
and 𝐹

𝑦,max). For the P-
series specimens and the CFT specimen tested in this study,
3.2mm and 7.0mm steel plates were used, respectively, and
corresponding steel ratios (𝐴

𝑠
/𝐴
𝑔
) were 3.6% and 7.0%,

respectively, which satisfy the minimum steel ratio (𝐴
𝑠,min)

specified in the design provisions shown in Table 2. The
width-to-thickness ratio (𝐵/𝑡

𝑤
) of the CFT specimen was

50.0, which was designed to meet the provisions specified
in KBC, AISC, and Eurocode 4, whereas that of the P-series
specimens was 109.0, which was intentionally designed not to
satisfy the current design provisions. Since the main feature
of the proposed method is to use thin-walled steel plates as
the permanent steel form and not to account for its strength
contribution in the structural design, the width-to-thickness
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Figure 2: Dimensional details of test specimens.

Table 2: Specifications regarding CFT in national design codes.

Code KBC AISC Eurocode 4
2005 2009 1999 2005

𝐴
𝑠
/𝐴
𝑔

3% or above 1% or above 4% or above 1% or above 2%–9%
𝑓
𝑐

20.5MPa or greater 21–70MPa 21–55MPa 21–70MPa 20–50MPa
𝐹
𝑦,max 415MPa 440MPa 415MPa 440MPa 450MPa

Shape ◻ I ◻ I ◻ I ◻ I ◻ I

(𝐵 or 𝐷)/𝑡
𝑤 √

3𝐸

𝐹
𝑦

√
8𝐸

𝐹
𝑦

√
5.1𝐸

𝐹
𝑦

0.15𝐸

𝐹
𝑦

√
3𝐸

𝐹
𝑦

√
8𝐸

𝐹
𝑦

√
5.1𝐸

𝐹
𝑦

0.15𝐸

𝐹
𝑦

52√
235

𝐹
𝑦

90
235

𝐹
𝑦

ratio (𝐵/𝑡
𝑤
) was, therefore, intentionally increased for the P-

series specimens.

2.2. Material Properties. The concrete mix proportions used
in the test specimens are summarized in Table 3. The
design compressive strengths were 21.0MPa and 30.0MPa,
respectively, and those obtained from material tests were
26.3MPa and 44.2MPa, respectively. The yield strengths of
SD400 and SD600 threaded bars with a diameter of 25.0mm
were measured as 460MPa and 690MPa, respectively. For
the P-series specimens and the CFT specimen, grade SS400
steel plates with 3.2mm and 7.0mm in thickness were used,
respectively, and their yield strengths obtained frommaterial
tests were 350MPa and 388MPa, respectively, as summarized
in Table 4. As shown in Figure 3, the universal testing

LVDT
for vertical

displacement

LVDT
for horizontal
displacement

10 MN UTM

Figure 3: Test setup and measurement devices.
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Table 3: Concrete mix proportion.

Design strength (MPa) 𝐺max (mm) 𝑊/𝐶 (%) 𝑆/𝐴 (%) Unit volume weight (kg/m3)
𝑊 𝐶 𝑆 𝐺 𝐴𝐷

2

21 25 56.1 48.8 179 319 856 915 1.60
30 25 42.1 46.9 120 284 844 974 3.25

Table 4: Material properties of concrete, rebars, and steel plates.

Type
Concrete Rebar Steel plate

21MPa 30MPa 400MPa 600MPa 3.2mm 7mm
Yield Ultimate Yield Ultimate Yield Ultimate Yield Ultimate

Strength (MPa) 26.3 44.2 463 596.6 691.8 847.0 344.1 423.9 367.5 411.1

machine of 10.0 MN capacity was used to apply axial loads
on the column specimens with a constant loading rate of
0.02mm/sec. In order to measure the vertical displacements
of the specimens during testing, linear variable differential
transformers (LVDTs) were installed on four corners of each
specimen, and two LVDTs were additionally installed on two
sides to measure the lateral displacements.

2.3. Test Results. Figures 4(a) and 4(b) show the axial load-
deformation responses of the test specimens with the design
compressive strengths of 21.0MPa and 30MPa, respectively.
The average values of the axial displacements measured
from the four LVDTs were used for the axial deformation,
and the loading was terminated when reduced to 80.0% of
the maximum load. The R21-S600 and R30-S600 specimens
were conventional RC column specimens without the exter-
nal steel form. Their maximum loads were 3,042 kN and
3,782 kN, respectively, and themaximum displacements were
7.9mm and 6.8mm, respectively.

As shown in Figure 5(a), the stiffness of the P21-S600
specimen slightly reduced at a load of about 3,000 kN due
to the initiation of local buckling, which was observed at
the section by B/2 (175mm) away from the top of the
column specimen, and then the local buckling was grad-
ually propagated downwards. As shown in Figure 5(b), at
the maximum load of about 5,396 kN, the local buckling
occurred at a spacing of about 300mm, which was almost
equal to the spacing of the transverse steel stiffener channels.
After the maximum load, a heavy local buckling occurred in
the upper part of the column as shown in Figure 5(c), and
the displacement reached 29.4mm at final stage as shown
in Figure 5(d). Other P-series specimens showed similar
behavioral characteristics to the P21-S600 specimen.The P21-
S600G and P30-S600G specimens with 10mm gap between
the steel form and the load-transfer steel plate on the top
of the column showed the same axial stiffness with the RC
specimens (R21-S600 and R30-S600 specimens) as shown in
Figures 4(a) and 4(b), respectively, which is because the axial
load was transferred only through the concrete due to the
gap of the steel form during the initial loading stage. As the
applied load increased, the gap was gradually reduced and
eventually closed, and then their behavior appeared to be very

similar to those of the specimens P21-S600 and P30-S600.
According to Johansson and Gylltoft [6], the concrete-filled
composite columnswith gaps between load-transfer plate and
circular steel tube showed more ductile behavior compared
to the one without gap. This is because when the steel plate
without the gap was used, local tensile deformation occurred
due to the confinement effect of the circular steel tube and
led to the yielding or local buckling of the steel plates near
the connection between the load-transfer plate and the steel
form that occurred earlier than those without the gap. In this
study, however, it was not observed because the confinement
effect was relatively small due to the use of the thin steel plates
with rectangular shaped sections.

In the case of the CFT specimen, the axial loads increased
with a constant initial stiffness, and the stiffness decreased
gradually just before the local buckling, which was observed
at the section by B/2 away from the top end of the column at a
load of about 4,500 kN. At the ultimate load of 4,700 kN with
themaximumdisplacement of 12.0mm, a compressive failure
occurredwith heavy local buckling. Compared to the P-series
specimens, theCFT specimen showed a very lowdeformation
capability as shown in Figure 4(a), which can be inferred
from the failure patterns shown in Figure 6. As shown in
Figure 6(b), in the case of the P-series specimens except the
P21-S600G and P30-S600G specimens, relatively small local
buckling was distributed rather than being concentrated at a
section due to the steel stiffener angles provided inside the
column specimens.

As shown in Figure 6(c), in the case of the P21-S600G
specimen, which had a 10mm gap on the top of the steel tube,
the local buckling was delayed by the gap, and the specimen
had a convex radial deformation over a wide region of the
steel tube before closing of the gap because of the Poisson
strains of the concrete. Then, after closing of the gap, small
local buckling concentrated at the top and middle of the
column length occurred. The P30-S600G specimen, which
also had a 10mm gap on the top of the steel tube, had a very
similar buckling behavior to the P21-S600G specimen.On the
other hand, in theCFT specimen, as shown in Figure 6(d), the
local buckling was concentrated at the section by B/2 from
the top of the column, and thus the deformation capability of
the CFT column was relatively low compared to the P-series
specimens.
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Figure 4: Axial load-deformation responses of test specimens.

Table 5: Comparison of test results and calculated strengths.

Number Specimen 𝑃
𝑢
(kN) 𝑃

0
(kN) 𝑃

𝑛
(kN) 𝑒

𝑚
(mm) 𝑒

𝑖
(mm) 𝑒tot (mm) 𝑃

𝑒
(kN) 𝑃

𝑢
/𝑃
0
𝑃
𝑢
/𝑃
𝑛
𝑃
𝑢
/𝑃
𝑒

1 R21-S600 3,042 4,011 3,209 13 7 20 3,354 0.76 0.95 0.91
2 P21-S600 5,396 5,748 3,109 7 7 14 4,895 0.94 1.74 1.10
3 P21-S400 5,041 5,282 2,736 7 7 14 4,895 0.95 1.84 1.03
4 P21-S600G 5,062 5,748 3,109 20 7 27 4,507 0.88 1.63 1.12
5 R30-S600 3,782 5,789 4,631 16 7 23 5,313 0.65 0.82 0.71
6 P30-S600 5,964 7,571 4,567 20 7 27 6,185 0.79 1.31 0.96
7 P30-S400 5,660 7,104 4,194 18 7 25 6,138 0.80 1.35 0.92
8 P30-S600G 5,721 7,571 4,567 26 7 33 5,864 0.76 1.25 0.98
9 CFT 4,797 6,250 5,000 27 7 34 4,933 0.77 0.96 0.97

Average 0.81 1.32 0.97

3. Analytical Study

TheACI318-14 presents the axial capacity estimation equation
of RC columns based on 567 column test results conducted
at the University of Illinois and Leigh University from 1927 to
1933 [14], as follows:

𝑃
0
= 𝑓
𝑦
𝐴
𝑠𝑡
+ (0.85𝑓



𝑐
) (𝐴
𝑔
− 𝐴
𝑠
) , (1)

where 𝑓
𝑦
and 𝐴

𝑠𝑡
are the yield strength and the sectional

area of reinforcements, respectively, and 𝑓
𝑐
and 𝐴

𝑔
are the

compressive strength and the gross sectional area of concrete,
respectively. Figure 7 and Table 5 show the comparison
between the axial strengths calculated by (1) (𝑃

𝑜
) and those

measured through the experiments (𝑃
𝑢
). The ratios of the

axial strengths of the test specimens to those estimated by
(1) (𝑃

𝑢
/𝑃
𝑜
) were distributed between 0.65 and 0.95, which

indicates that the axial capacities estimated by (1) overes-
timate the test results. This would be most likely because

the initial imperfection (𝑒
𝑖
) inevitably occurring during the

production process and the minimum accidental eccentricity
(𝑒
𝑚
) caused by the test setup of the specimen were not

taken into consideration. For this reason, ACI318-14 [14]
adopted a factor of 0.8 for RC columns with rectangular cross
sections. In this study, the eccentricity induced by the initial
imperfection (𝑒

𝑖
) was assumed to be 𝐿/200 as presented in

Eurocode 4 [12]. Since the length of the column specimens
tested in this study was 1400mm, the initial imperfection (𝑒

𝑖
)

of the specimens was estimated to be 7.0mm. In addition,
the minimum accidental eccentricity (𝑒

𝑚
) that could possibly

occur when axial load was applied to the column specimens
needs to be considered to analyze the test results. As shown
in Figure 8, the eccentricity of the loading causes bending
moment, and the rotation angle (𝜃) caused by the bending
moment can be calculated, as follows:

tan 𝜃 ≈ 𝜃 = 𝐿
𝐷
, (2)
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Figure 5: Detailed behavioral characteristics of P21-S600 specimen.

where 𝐿 is taken to be 𝐵/2 and 𝐷 is the axial deformation at
the extreme fiber of the cross section, which was measured
from the LVDTs installed during the all loading stages. If the
bending moment was constant along the member axis, the
relationship between the rotation angle of the member (𝜃)
and the bending moment (𝑀) can be expressed, as follows:

𝑀 = 𝜃
𝐸𝐼

𝑙
, (3)

where 𝐸 and 𝐼 are the modulus of elasticity and the moment
of inertia. As aforementioned, although the columns with
PPSFRC are not considered as composite members for the
design, the reinforcing bars and steel plates need to be
considered for the calculation of 𝐸 and 𝐼 in (3) that are
needed to estimate theminimumaccidental eccentricity (𝑒

𝑚
),

which was done by the transformed section method [15].The
bending moment (𝑀) can be estimated by substituting the

measured rotation angle (𝜃) into (3), and the magnitude of
eccentricity (𝑒

𝑚
) can be calculated, as follows:

𝑒
𝑚
=
𝑀

𝑃
. (4)

As summarized in Table 5, the minimum accidental eccen-
tricities (𝑒

𝑚
) of the specimens estimated from (4) were

distributed between 7.0mm and 27.0mm. Considering the
eccentricity (𝑒

𝑚
) of axial loads and the initial imperfection

(𝑒
𝑖
), the estimated total eccentricities (𝑒tot) of the test spec-

imens can be estimated, which were ranged from 14.0mm
to 34.0mm. Accordingly, as shown in Figure 9(a), the axial
strength (𝑃

𝑜
)was reduced to𝑃

𝑒
by considering the effect of the

eccentricity (𝑒tot), and Figure 9(b) shows the analysis results
of the P21-S600 specimen considering the influence of the
eccentricity (𝑒tot). The effective axial strengths of the column
specimens (𝑃

𝑒
) were calculated by considering the effects of
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the flexural moment caused by the total eccentricity (𝑒tot),
and the estimated results are shown in Table 5 and Figure 7.
The average of the ratios between the test results and the
effective axial strengths (𝑃

𝑢
/𝑃
𝑒
) for all the specimens was 0.97,

and the effective axial strength calculated by considering the
additional eccentricity (𝑃

𝑒
) agreed closely with the experi-

mental results. As mentioned above, in the ACI318-14, the
nominal axial strength of RC column (𝑃

𝑛
) is limited to 0.8𝑃

𝑜
,

and this corresponds to the total eccentricity (𝑒tot) of 35.0mm
according the estimationmethod shown in Figure 9(a), which
is also equivalent to about 10.0% of the cross-sectional width
(𝐵).

As shown in Table 5 and Figure 7, the average of ratio
between the nominal strengths and ultimate strength of the
test specimens (𝑃

𝑢
/𝑃
𝑛
) was 1.32, where it is noted that the

contribution of the permanent steel form was not considered
in calculating the axial strengths (𝑃

𝑛
), as mentioned earlier.

L
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Top surface
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𝜃

𝜃

Figure 8: Axial force and flexural moment induced by minimum
eccentricity.

It is, therefore, expected that a sufficient margin of structural
safety can be secured when the existing RC design equation
is applied to the column members fabricated by the PPSFRC
method proposed in this study.

4. Conclusions

In this study, the prefabricated permanent steel form inte-
grated with reinforcing cage (PPSFRC) was developed, and
the structural performance of the reinforced concrete column
specimens fabricated by the PPSFRC method was investi-
gated through the axial compression testing on a total of the
nine specimens. In addition, the applicability of the current
axial strength estimation models specified in national design
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Figure 9: P-M interaction model considering the effect of eccentricity.

codes on the PPSFRC columns was also evaluated. From this
study, the following conclusions can be obtained:

(1) It was observed that local buckling was well con-
trolled, not concentrated at a section, by the steel
channels and angles provided in the longitudinal and
transverse direction of the PPSFRC columns, and the
PPSFRC columns showed more ductile behavioral
characteristics compared to the conventional CFT
column.

(2) The axial strength of the cross section without a
consideration of the initial imperfection and the
minimum eccentricity of applied loads overestimated
the measured axial strengths of the specimens (𝑃

𝑢
)

by up to 25%, and the effective axial strength of
the column (𝑃

𝑒
) considering the influence of the

minimum eccentricity and the initial imperfection
provided a good analysis accuracy.

(3) It turned out that 𝐵/10 considered as the minimum
eccentricity of the column inACI318-14was very close
to the total eccentricity (𝑒tot), which is a sum of the
loading eccentricity measured in this study (𝑒

𝑚
) and

the eccentricity induced by the initial imperfection
(𝑒
𝑖
).

(4) The PPSFRC column specimens (𝑃
𝑢
) showed

enhanced axial strengths (𝑃
𝑛
) with sufficient reserved

strengths by more than 30%, compared to the design
strength of the conventional RC column. Therefore,
it is expected that the PPSFRC columns can be
designed with a sufficient margin of safety by the
conventional RC design method.

Competing Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This researchwas supported by the ResearchGrant fromUni-
versity of Seoul through the Korea Agency for Infrastructure
Technology Advancement funded by the Ministry of Land,
Infrastructure and Transport of the Korean government
(Project no. 15TBIP-C092932-02).

References

[1] A. Mwafy, N. Hussain, and K. El-Sawy, “Seismic performance
and cost-effectiveness of high-rise buildings with increasing
concrete strength,” The Structural Design of Tall and Special
Buildings, vol. 24, no. 4, pp. 257–279, 2015.

[2] H. Sezen and M. Shamsai, “High-strength concrete columns
reinforced with prefabricated cage system,” Journal of Structural
Engineering, vol. 134, no. 5, pp. 750–757, 2008.

[3] M. Shamsai, E. Whitlatch, and H. Sezen, “Economic evaluation
of reinforced concrete structures with columns reinforced with
prefabricated cage system,” Journal of Construction Engineering
and Management, vol. 133, no. 11, pp. 864–870, 2007.

[4] T. T. Lie and T. D. Lin, “Fire performance of steel reinforced
concrete columns,” Journal of Structural Engineering, vol. 141,
no. 4, 2014.

[5] T. T. Lie and T. D. Lin, “Influence of restraint on fire perfor-
mance of reinforced concrete columns,” Fire Safety Science, vol.
1, pp. 291–300, 1986.

[6] M. Johansson and K. Gylltoft, “Mechanical behavior of circular
steel-concrete composite stub columns,” Journal of Structural
Engineering, vol. 128, no. 8, pp. 1073–1081, 2002.

[7] J. Liu, X. Wang, and S. Zhang, “Behavior of square tubed
reinforced-concrete short columns subjected to eccentric com-
pression,”Thin-Walled Structures, vol. 91, pp. 108–115, 2015.

[8] X. Zhou and J. Liu, “Seismic behavior and strength of tubed
steel reinforced concrete (SRC) short columns,” Journal of
Constructional Steel Research, vol. 66, no. 7, pp. 885–896, 2010.

[9] X. Zhou, B. Yan, and J. Liu, “Behavior of square tubed steel
reinforced-concrete (SRC) columns under eccentric compres-
sion,”Thin-Walled Structures, vol. 91, pp. 129–138, 2015.



Advances in Materials Science and Engineering 11

[10] S.-J. Lee, D. H. Lee, K. S. Kim, J.-Y. Oh, M.-K. Park, and I.-S.
Yang, “Seismic performances of RC columns reinforced with
screw ribbed reinforcements connected by mechanical splice,”
Computers and Concrete, vol. 12, no. 2, pp. 131–149, 2013.

[11] AISC-LRFD, Load and Resistance Factor Design Specification for
Structural Steel Buildings, AISC, Chicago, Ill, USA, 1999.

[12] Eurocode4, Design of steel and composite structures, Part 1-1
General rules and rules for buildings, 1994.

[13] KBC, Korean Building Code, Architectural Institute of Korea,
Seoul, Republic of Korea, 2009.

[14] ACI-318, Building Code Requirements for Reinforced Concrete,
ACI, Detroit, Mich, USA, 2014.

[15] J. G. MacGregor, J. K. Wight, S. Teng, and P. Irawan, Reinforced
Concrete: Mechanics and Design, Prentice Hall, Upper Saddle
River, NJ, USA, 1997.



Research Article
Simulation on the Self-Compacting Concrete by an Enhanced
Lagrangian Particle Method

Jun Wu,1 Xuemei Liu,2 Haihua Xu,3 and Hongjian Du4

1School of Urban Railway Transportation, Shanghai University of Engineering Science, Shanghai 201620, China
2School of Civil Engineering and Built Environment, Queensland University of Technology, Brisbane,
QLD 4000, Australia
3Deepwater Technology, Keppel Offshore & Marine Technology Centre, Singapore 628130
4Department of Civil and Environmental Engineering, The National University of Singapore, Singapore 117576

Correspondence should be addressed to Xuemei Liu; x51.liu@qut.edu.au

Received 10 June 2016; Accepted 14 July 2016

Academic Editor: Robert Cerný

Copyright © 2016 Jun Wu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The industry has embraced self-compacting concrete (SCC) to overcomedeficiencies related to consolidation, improve productivity,
and enhance safety and quality. Due to the large deformation at the flowing process of SCC, an enhanced Lagrangian particle-
based method, Smoothed Particles Hydrodynamics (SPH) method, though first developed to study astrophysics problems, with
its exceptional advantages in solving problems involving fragmentation, coalescence, and violent free surface deformation, is
developed in this study to simulate the flow of SCC as a non-Newtonian fluid to achieve stable results with satisfactory convergence
properties. Navier-Stokes equations and incompressible mass conservation equations are solved as basics. Cross rheological model
is used to simulate the shear stress and strain relationship of SCC.Mirror particlemethod is used for wall boundaries.The improved
SPH method is tested by a typical 2D slump flow problem and also applied to L-box test. The capability and results obtained from
this method are discussed.

1. Introduction

Industrialization of construction is the main trend in sci-
entific and technical progress in construction, including
the extensive use of prefabricated factory-finished elements
and the conversion of production into a mechanized and
continuously flowing process of assembly and installation of
buildings and structures made of prefabricated assemblies
and elements. It will lead to higher-quality materials and
more cost-effectiveness and energy efficiency for infrastruc-
ture construction. Self-consolidating concrete (SCC) is a
thixotropic mixture, created by tailoring different materials
and securing excellent deformability and adequate resistance
to segregation to insure the exceptional rheology behavior of
concrete [1]. The industry has embraced SCC to overcome
deficiencies related to consolidation, improve productivity,
and enhance safety and quality. To follow up the demanding
for the exceptional flowability of SCC to further improve

its filling behavior and improve the performance of SCC,
it is essential to fully understand its flow behavior and the
infilling characteristics. Such understanding could further
improve the prediction of the infilling behavior of SCC with
the presence of reinforcing steel distributed with high density
or formwork in complex and irregular shapes. To achieve
such purpose, simulation may serve as an effective tool in the
understanding as well as determining the desired rheological
performance of SCC.

While simulation is a mature science in homogeneous
fluids, simulation of the flow of SCC is difficult because of
the need to track the boundaries between the liquid and solid
phases. Few previous studies have focused on finding the rhe-
ological material model for certain paste or concrete [2–4].

In considering the large deformation nature of SCC flow
and great complexity of concrete-infilling behavior, the con-
ventional methods such as discrete element method (DEM)
andfinite elementmethod (FEM)have two critical drawbacks
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including the limitations in modeling free surfaces and
nonguaranteed conservation of mass.The recently developed
Smoothed Particles Hydrodynamics (SPH) method offers
a glimpse of the future of fresh concrete flow simulation.
Although SPH was first developed to study astrophysics
problems [5, 6], it has exceptional advantages in enabling
the simulation of flow and infilling behavior. It has been
used to study wave-structure interactions for Newtonian
flow [7–9]. It has also been successfully used to simulate
non-Newtonian flow such as in metal forming [10], the
impacting droplet [11], blood-vessel interaction [12], and
Couette flow [13]. In one case, it was employed to simulate the
slump of concrete [14]. In comparison with other methods,
the SPH method can solve the two issues encountered in
DEM and FEM. The SPH method has advantages in solving
problems involving fragmentation and coalescence and vio-
lent free surface deformation and has the potential to link
rheology and the infilling behavior of concrete. Therefore,
the particle-based Lagrangian technique-SPH method is a
promisingmethod to simulate the flow of SCC as a non-New-
tonian.

However, the existing SPH still has limitations when
applied to non-Newtonian fluid. Firstly, it cannot measure
the velocity divergence and pressure gradient accurately. Sec-
ondly, it cannot treat the nonslip boundary condition exactly,
which is an issue for SSC. Hence, further enhancement of
the existing SPH method will be the focus of this study
fluid to achieve accurate and stable results with satisfactory
convergence properties. And the improved SPH algorithm
is tested by a typical 2D slump flow problem and then
applied for an L-box flow problem. The SCC is modeled
using Cross rheological model. The capability and results
obtained from this method are discussed. The simulation
provides reasonable good agreement with available data from
the literature. The findings may be of engineering interests in
view of the flowability and pressure caused by fresh SCC on
structures.

2. Mathematical Model and SPH Formulation

2.1. Governing Equation. In the current study, the SCC is
assumed as viscous non-Newtonian fluid, which is governed
by the Navier-Stokes (NS) equation.The 2D Lagrangian form
is [14, 17]

∇ ⋅ u⃗ = 0, (1)

𝐷u⃗
𝐷𝑡

= −
1

𝜌
∇𝑝 + g⃗ + 1

𝜌
∇⋅
⇒

𝜏 , (2)

where𝜌 is fluid density, 𝑡 is time, u⃗ = (𝑢, V) is velocity vector,𝑝
is pressure, g⃗ = (𝑔

𝑥
, 𝑔
𝑦
) is gravitational acceleration,𝐷(⋅)/𝐷𝑡

is Lagrangian operator, which is the total time derivative, ∇
is gradient operator, and ⇒𝜏 is shear stress tensor. The shear
stress tensor is related to the strain tensor ⇒𝛾 as

𝜏
𝑖𝑗
= 𝜏
𝑗𝑖
= 𝜇eff𝛾𝑖𝑗, (3)

where 𝜇eff is effective viscosity, 𝜏
𝑖𝑗
and 𝛾
𝑖𝑗
are the components

of ⇒𝜏 and ⇒𝛾 , respectively, and 𝛾
𝑖𝑗
is defined as

𝛾
𝑖𝑗
=
1

2
(
𝜕𝑢
𝑖

𝜕𝑥
𝑗

+

𝜕𝑢
𝑗

𝜕𝑥
𝑖

) . (4)

For non-Newtonian fluid, the relationship of shear stress
and strain is nonlinear, which means the effective viscosity
is not a constant. This relationship may be modeled by
many numerical models including the Cross model [14], the
Bingham-plastic model [18–20], and the power-law model
[17]. In the current study, the Cross model is used, which can
be expressed as follows [14]:

𝜇eff =
𝜇
0
+ 𝐾𝜇
𝐵
�̇�

1 + 𝐾�̇�
, (5)

where 𝜇
𝐵
is plastic viscosity, 𝜇

0
= 1000𝜇

𝐵
, 𝐾 = 𝜇

0
/𝜏
𝐵
, and 𝜏

𝐵

is yield stress. �̇� is the strain rate and generally defined as the
second invariant of the shear strain as

�̇� = √
1

2
∑

𝑖

∑

𝑗

𝛾
𝑖𝑗
𝛾
𝑖𝑗
. (6)

In 2D case,

�̇� = √
1

2
((

𝜕𝑢

𝜕𝑥
)

2

+ (
𝜕V
𝜕𝑦
)

2

+
1

2
(
𝜕𝑢

𝜕𝑦
+
𝜕V
𝜕𝑥
)

2

). (7)

2.2.The Solution Algorithm. The SCC flow is the incompress-
ible flow and (1) and (2) can be solved by the explicit three-
step projection scheme [17]. At the first step, (2) is solved by
only considering the body force and neglecting other forces.
An intermediate velocity is computed as

u⃗∗
𝑛+1

= u⃗∗
𝑛
+ g⃗Δ𝑡, (8)

where the subscript 𝑛 denotes the time step. At the second
step, the computed intermediate velocity is used to compute
the strain rate, the effective viscosity, and the divergence of
the shear stress:

1

𝜌
∇ ⋅
⇒

𝜏 = S⃗. (9)

At the end of the second step, the second intermediate
velocity is computed by

u⃗∗∗
𝑛+1

= u⃗∗
𝑛+1

+ S⃗Δ𝑡 = u⃗∗
𝑛
+ (g + S⃗) Δ𝑡. (10)

The position is updated as

r⃗∗∗
𝑛+1

= r⃗
𝑛
+ u⃗∗∗
𝑛+1
Δ𝑡, (11)

where r⃗ = (𝑥, 𝑦) is the position vector.The following pressure
Poisson equation is solved to get the pressure, which is needed
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to enforce the incompressibility [21]:

∇ ⋅ (
1

𝜌
∇𝑝) =

∇ ⋅ u⃗∗∗
𝑛+1

Δ𝑡
. (12)

At the third step, the computed pressure is added to (2) to get
a divergence-free velocity field at time 𝑛 + 1:

u⃗
𝑛+1

= u⃗∗∗
𝑛+1

− (
1

𝜌
∇𝑝)Δ𝑡. (13)

The position at 𝑛 + 1 time step is computed as

r⃗
𝑛+1

= r⃗
𝑛
+
1

2
(u⃗
𝑛
+ u⃗
𝑛+1
) Δ𝑡. (14)

2.3. The SPH Formulation. The SPH is an interpolation
method, which transforms the Partial Difference Equation
(PDE) to integration form and allows any function to be
expressed in terms of the value at a set of disordered particles.
Following Gingold and Monaghan [5], a function𝑓(r⃗) at
location r⃗ can be defined by

𝑓 (r⃗) = ∫
Ω

𝑓 (r⃗)𝑊(

r⃗ − r⃗ , ℎ) 𝑑r⃗



, (15)

where the integration is computed over the entire domainΩ,
|r⃗ − r⃗| is the scalar distance between r⃗ and r⃗, ℎ is smoothing
length, and𝑊 is interpolation kernel or kernel (smoothing)
function.

The SCC domainmay be represented by discrete particles
and (15) can in turn be converted to the discretized formusing
the properties of all the particles inside the support domain
as

𝑓 (r⃗
𝑎
) = ∑

𝑏

𝑓 (r⃗
𝑏
)𝑊 (𝑟

𝑎𝑏
, ℎ) 𝑉
𝑏
= ∑

𝑏

𝑓
𝑏
𝑊
𝑎𝑏
𝑉
𝑏
, (16)

where 𝑏 represents the particle inside the support domain, 𝑓
𝑏

is the value of function 𝑓(r⃗) at location r⃗
𝑏
, 𝑟
𝑎𝑏
= |r⃗
𝑎𝑏
| = |r⃗
𝑎
−

r⃗
𝑏
| is the distance between particle 𝑎 and 𝑏,𝑊

𝑎𝑏
is the kernel

value or contribution, and 𝑉
𝑏
is the volume of particle 𝑏.

In the current study, the quintic kernel function [22] is
used and can be expressed as

𝑊(𝑞) = 𝛼
𝐷
(1 −

𝑞

2
)

4

(2𝑞 + 1) 0 ≤ 𝑞 ≤ 2, (17)

where 𝛼
𝐷
= 7/(4𝜋ℎ

2
), 𝑞 = 𝑟

𝑎𝑏
/ℎ, and ℎ is the smoothing

length.The order of quintic kernel function is higher than the
widely used cubic spline kernel function [14, 17, 23]. Hence,
it has smoother kernel value and the first derivate, which is
important for kernel interpolation and derivate computation.

Many forms have been proposed to evaluate the gradient
anddivergence in the SPH literatures. In the current study, the
velocity divergence is computed by the antisymmetric form to

improve the accuracy [23, 24]:

∇ ⋅ u⃗
𝑎
=

𝑁

∑

𝑏=1

(u⃗
𝑏
− u⃗
𝑎
) ⋅
→
∇
𝑎
𝑊
𝑎𝑏
𝑉
𝑏
, (18)

where →∇
𝑎
𝑊
𝑎𝑏

= ((r⃗
𝑎
− r⃗
𝑏
)/𝑟
𝑎𝑏
)(𝜕𝑊
𝑎𝑏
/𝜕𝑟
𝑎𝑏
) = −

→
∇
𝑏
𝑊
𝑎𝑏

is the kernel gradient. The pressure gradient is evaluated
by the symmetric form to conserve the linear and angular
momentum [14, 17, 18]:

∇𝑝
𝑎
= 𝜌
𝑎

𝑁

∑

𝑏=1

𝑚
𝑏
(
𝑝
𝑎

𝜌2
𝑎

+
𝑝
𝑏

𝜌
2

𝑏

)
→
∇
𝑎
𝑊
𝑎𝑏
. (19)

The Laplacian operator in the pressure Poisson equation is
formulated as a hybrid of a standard SPH first derivative with
a finite difference approximation for the first derivative [17,
20]:

∇ ⋅ (
1

𝜌
∇𝑝) = ∑

𝑏

𝑚
𝑏

8

(𝜌
𝑎
+ 𝜌
𝑏
)

𝑃
𝑎𝑏
r⃗
𝑎𝑏

𝑟
𝑎𝑏

2 + 𝜂2
⋅
→
∇𝑊
𝑎𝑏
𝑉
𝑏
, (20)

where 𝑃
𝑎𝑏

= 𝑃
𝑎
− 𝑃
𝑏
and 𝜂 = 0.01ℎ is a small number

introduced to keep the denominator no-zero.
The gradient of shear stress is computed similar to the

pressure gradient and can be expressed by

1

𝜌
∇ ⋅
⇒

𝜏 = ∇𝑚
𝑏
(
�⃗�
𝑎

𝜌2
𝑎

+
�⃗�
𝑏

𝜌
2

𝑏

) ⋅
→
∇𝑊
𝑎𝑏
. (21)

The smoothing length is an important parameter for SPH
simulation, which influences the accuracy of SPH interpo-
lation. For particles near the free surface, which has less
neighboring particles, due to the absence of particles above
the free surface, the number of neighboring particles is less
than the inner particles. This may cause the accuracy of SPH
interpolation to be reduced. In this paper, the smoothing
length of the particle changes depended on the neighboring
particle number (e.g., 𝑛min = 40) and the smoothing length
expands with the following scheme for each step:

(1) The particle assigns the initial smoothing length
ℎ = 2Δ, where Δ is the particle size. The particle
computes the number of neighboring particles (𝑁)
using smoothing length ℎ.

(2) If 𝑁 > 𝑛min, the particle’s smoothing length for
current step is ℎ = 2Δ.

(3) If𝑁 < 𝑛min, the particle increases the smoothing with
ℎnew = ℎ+Δℎ = ℎ+Δ/100 and computes the number
of neighboring particles𝑁.

(4) The particle will continue to increase the smoothing
length until the smoothing length becomes larger
than 3Δ or the number of neighboring particles
becomes larger than𝑁.

The abovementioned algorithm has two advantages. The first
is that the particles, especially those near the free surface,
have more neighboring particles, and the accuracy of the
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Figure 1: The initial configuration of the placement for slump flow.

kernel interpolation will be increased. The second is that
the smoothing length is linearly distributed and only 101
smoothing lengthswere used. It is easy to construct the kernel
table and each particle saves the index of the kernel table by
the smoothing length. In the simulation, the kernel properties
(𝛼
𝐷
in (17)) can be easily gotten by indexing the smoothing

table.

2.4. The Boundary Condition. There are several methods to
model the boundary condition including the virtual force
method [14], the fixed wall particle method [9, 14, 17], and
the mirror particle method [21, 24–26]. Compared with the
virtual force method, the mirror particle method can predict
accurate pressure near the wall boundary and it can further
reduce the pressure oscillation [25]. Compared with the fixed
wall particle method, the mirror particles are mirrored from
the fluid particles instead of solving the NS equations. Hence,
the number of particles in the NS equation is less than the
fixed wall particle method and can save the simulation time.
By considering the advantages of mirror particle method, it
is adopted in current study to treat the wall boundary. The
position of the mirror particles is computed by mirroring the
SCC particles.The volume, density, and effective viscosity are
set equal to their reference SCC particles. The velocity of the
mirror particle is set to zero to simulate the partial slip of
wall boundary condition. The pressure of the mirror particle
is computed by 𝑝

𝑚
= 𝑝
𝑠
+ 𝜌
𝑠
r⃗
𝑚𝑠
⋅ g⃗, where the subscripts 𝑚

and 𝑠 denote the mirror and SCC particle, respectively.

3. Applications in SCC Modeling

In this section, the improved SPH model is applied to a
benchmark slump test model to simulate the slum flow of
SCC to demonstrate the capability of the proposed model in
SCC flow modeling. And the model is also used to simulate
the filling ability of SCC by using the L-box test.

3.1. Slump Test. Figure 1 illustrates the configuration of the
slump cone which is used for slump testing according to BS
EN 12350-8. Numerical simulation of the SCC flow is carried
out in two-dimensional configurations.

The SCC is a high performance mix and the density
and rheological properties of SCC used for slump test are
presented in Table 1 [16]. The mixture has a plastic viscosity

Table 1: Density and rheological properties of SCC for simulation
[16].

Density (kg/m3) Plastic viscosity (Pa s) Yield stress (Pa)
SCC 2380 48.4 56.3

at 4 Pa⋅s and yield stress at 200 Pa with the density at
2380 kg/m3.

The simulation domain is discretized by particles with
size Δ = 2mm; in total, 11268 particles are involved in
the simulation. The particle size was selected after the con-
vergence study was done. The time step size is dynamically
adjusted according to the CFL number (equal to 0.2 in
this study). The slump cone movement is important for the
simulation results. In order to keep the consistency with BS
EN 12350-8 standard and considering the numerical stability,
the slump cone is initially located 0.01m above the bottom.
As the simulation starts, the slump cone is fixed at the first
0.1 s. At 𝑡 = 0.1 s, it starts to move upward with fixed speed
of 0.1m/s until the simulation finishes. It is important for the
slump cone to keep the 0.01mdistance from the bottom. If the
slump cone put on the bottom, there will be no free surface in
the domain and the Poisson equation is difficult to solve. The
slump cone starts to move at 0.1 s as assumed.That means the
slump cone initially located at the bottom and in 0.1 s it moves
0.01m to compensate the difference with the standard.

Figures 2–4 show the various stages of the 2D flow
profile during the numerical simulations of slump test of
SCC including the contour of the distribution of the velocity,
pressure, and the shear strain rate, respectively. It is evident
from the results that the improved SPH method is able to
characterize the flow of SCC at different stages. It should
be also noted that the initial profiles of the free surfaces are
affected by themotion of the slump conewith its fast removal.
The available experimental test data from literature [21] is
used for comparison. The model is capable of capturing all
the key characteristics of the SCCflow including the pressure,
velocity, shear strain rate, and viscosity at different locations.
However, only the spread value is available for comparison.
By comparing the spread value from the simulation results
with the test value, the simulation provides reasonable agree-
ment with the experimental results with less than 20% of
discrepancies.

3.2. L-Box Test. In order to understand the filling ability in
addition to the flow characteristics of SCC, the classic L-
box filling test is also simulated by using the improved SPH
method. Figure 5 illustrates the configuration of the physical
L-box test and its dimension. The apparatus consists of
rectangular section box in the shape of an “L,” with a vertical
and horizontal section, separated by a movable gate, in front
of which vertical lengths of reinforcement bar are fitted. The
vertical section is filled with concrete, and then the gate was
lifted to let the concrete flow into the horizontal section.This
test is to measure the filling and passing ability of concrete
to flow through tight obstructions without segregation or
blocking.



Advances in Materials Science and Engineering 5

0

0.6

0.2

0.4

z
(m

)
Time = 0.100 s

0.40.20 0.6−0.6 −0.4 −0.2

x (m)

Vel (m/s)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

(a) 𝑡 = 0.1 sec

0.40.20 0.6−0.6 −0.4 −0.2

x (m)

0

0.6

0.2

0.4

z
(m

)

Time = 0.500 s

Vel (m/s)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

(b) 𝑡 = 0.5 sec

0

0.6

0.2

0.4

z
(m

)

Time = 1.000 s

0.40.20 0.6−0.6 −0.4 −0.2

x (m)

Vel (m/s)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

(c) 𝑡 = 1.0 sec

0

0.6

0.2

0.4
z

(m
)

Time = 1.200 s

0.40.20 0.6−0.6 −0.4 −0.2

x (m)

Vel (m/s)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

(d) 𝑡 = 1.2 sec

0

0.6

0.2

0.4

z
(m

)

Time = 1.500 s

0.40.20 0.6−0.6 −0.4 −0.2

x (m)

Vel (m/s)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

(e) 𝑡 = 1.5 sec

0

0.6

0.2

0.4

z
(m

)

Time = 4.050 s

0.40.20 0.6−0.6 −0.4 −0.2

x (m)

Vel (m/s)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

(f) Final spread

Figure 2: The velocity distribution during slump flow.

The same SCC mix properties as presented in Table 1 are
used for L-box model. The mixture has a plastic viscosity
at 4 Pa⋅s and yield stress at 200 Pa with the density at
2380 kg/m3. Figures 6–8 present the distribution of velocity,
pressure, and strain rate during the flow of SCC in an L-box,
at 0.2 s, 0.6 s, 1.5 s, and 10 s, respectively. It can be observed

that, due to the friction between the SCC and the wall, the
particles very close to the wall surfaces take longer time to
flow. The flowing and filling ability of the SCC can be well
captured by this model.

The simulation domain is discretized by particles with
size Δ = 2mm; in total, 18000 particles are involved in
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Figure 3: The pressure distribution during slump flow.

the simulation. The particle size was selected after the con-
vergence study was done. The time step size is dynamically
adjusted according to the CFL number (equal to 0.2 in this
study).

4. Conclusions
Due to the large deformation at the flowing process of
SCC, an enhanced Lagrangian particle-based method—an
improved SPH method—with its exceptional advantages
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Figure 4: The shear strain rate distribution during slump flow.
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Figure 5: The configuration of the L-box test for SCC [15].
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Figure 6: Simulation of L-box testing for SCC with velocity distribution.
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Figure 7: Simulation of L-box testing for SCC with pressure distribution.

in solving problems involving fragmentation, coalescence,
and violent free surface deformation is developed in this
study to simulate the flow of SCC as a non-Newtonian
fluid to achieve stable results with satisfactory convergence
properties. Navier-Stokes equations and incompressiblemass
conservation equations are solved as basics. Cross rheolog-
ical model is used to simulate the shear stress and strain
relationship of SCC. Mirror particle method is used for
wall boundaries. The improved SPH method is tested by a
typical 2D slump flow problem and also applied to L-box
flowing problem. The results obtained from this method

are reasonably agreeing with the experimental data. This
enables the modeling of the flow of SCC by enhancing the
current particle method and also provides an efficient tool to
estimate the lateral pressure of the SCC exerted on structures.
Moreover, it will benefit the industry and practical concrete
applications by using this method to estimate the flowability,
the mould filling performance of concrete, and also the
interactions between the concrete and mould during casting.
The proposedmethod could also become an efficient method
to study the mix design to optimize the workability of the
concrete.
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Figure 8: Simulation of L-box testing for SCC with shear strain rate distribution.
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Gravel roads play an important role in the transport infrastructure. However, their maintenance (especially the control of dustiness
using chemical dust suppressants) is expensive. Besides, the condition of gravel roads results in low driving comfort, longer
travelling time, faster vehicle amortization, and so forth. Typically, these problems are solved by paving gravel roads with asphalt
wearing layer. However, north countries practice had shown pavement structure high susceptibility to frost due to insufficient
thickness of frost resistance layer. The construction of thicker frost resistant layer increases road construction cost by 25% and, in
most cases, there is no need to increase bearing capacity by increasing total thickness of pavement structure. In 2012 19 gravel roads
were constructed using cost effective rehabilitation technologies—soft asphalt and double Otta Seal in Lithuania.This paper focuses
on those two technologies’ performance within first three years of constructed roads exploitation. The implemented experimental
research consisted of three parts by evaluating constructed roads base layers bearing capacity; pavement roughness; and pavement
distresses and defects. As a result, the acceptable performance indicators were determined for both technologies—soft asphalt and
double Otta Seal. Also recommendations for construction and exploitation improvement were defined.

1. Introduction

Gravel roads play an important role in the transport infras-
tructure. They connect rural areas, recreation zones, and
forestry into a single transport system. However, the main-
tenance of these kinds of roads requires a high part of the
budget especially if the subgrade soils are weak. Praticò et al.
[1] analysed life-cycle costs when subgrade is lime stabilized
and lime-cement stabilized and nonstabilized. Lime-cement
stabilized subgrade sections showed lower long-term costs
than a nonstabilized or lime stabilized subgrade because
treated sections perform better and lead to a reduction in
the maintenance activities. Moreover, gravel roads result in
a low driving comfort, longer time of travel, faster vehicle
amortization, and dustiness.

Laurinavičius and Žilionienė [2] determined that the
driving speed on gravel roads is about 0.55–0.80 time lower
than that on paved roads. It results in the loss of 0.25–
0.82 hours per 100 kilometers. Also, on gravel roads, the
vehicle operating cost increases from 1.35 up to 1.90 times in
comparison with paved roads.

The dustiness is caused by unbound aggregate particles,
which are thrown up by passing vehicles. Jones [3] found out
that vehicles travelling at speed of 75 km/h (on gravel roads
with annual average daily traffic (AADT) equal to 100 vehicles
per day (vpd)) threw up about 25 tons of gravel wearing layer
aggregate annually per kilometer. It results in the reduction of
thickness—approximately 4mm of 7 meters in roads’ width
[4]. Due to the deficiency in the thickness of wearing layer,
the roads gradually become instable and corrugated. This
causesmore frequentmaintenance activities leading to higher
overheads. Furthermore, the dustiness obscures the visibility
for drivers and therefore it causes the traffic accidents [5].
Dust is also a health hazard because it causes allergies and
asthma and accumulates in the human respiratory tract [6, 7].
Also, it contains ingredients that are toxic to vegetation or
water life [8].

Consequently, the control of dustiness is one of the
most important activities of the maintenance. Typically,
dustiness is restricted applying chemical dust suppressants,
for example, calcium or magnesium chloride and calcium
lignosulphonate. The analysis of the literature revealed that
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chemical dust suppressants might reduce the dustiness up to
80% and the total aggregate loss up to 42–61% [9, 10]. The
efficiency is maximized when surface moisture is 3-4% [11].
However, in rainy regions, chemical dust suppressants are an
uneconomical method to control the dustiness because they
leach from the gravel [12].

The permanent solution for control of dustiness is the
paving of gravel roads. However, naturally, it is impossible
due to the lack of funds. For instance, according to Lithuanian
Roads Administration under the Ministry of Transport and
Communication data (2015), in Lithuania, more than third
(33.9%) of state roads are gravel roads.The paving of all these
roads needs millions of Euros. Also, the volume of traffic in
many gravel roads is so low that paving is not economically
feasible. According to Lithuanian requirements, gravel roads
are paved if AADT ≥ 150 vpd in nonresidential area and if
AADT ≥ 80 vpd in residential area.

As a rule, in Lithuania, gravel roads are paved with a
single-layer asphalt pavement. The thickness depends on the
number of equivalent single axle loads (ESALs) and usually
varies from 6 cm to 10 cm. However, practice has shown
that this kind of pavement is susceptible to frost because
there is too thin frost resistance layer. It is solved by laying
more than 30 cm thick layer of less frost-susceptible soils or
improving subgrade. Unfortunately, those additional works
increase roads construction cost up to 25% and usually are
not fulfilled [13]. Also, during the construction of new asphalt
pavement, the plan and longitudinal profile of road are not
corrected [14]. This results in less traffic safety. Therefore, the
construction of asphalt concrete pavement is also unpractical
and uneconomical rehabilitation technology for gravel roads.

In foreign countries, gravel roads are effectively rehabil-
itated using soft asphalt or Otta Seal technologies [15–20].
These kinds of technologies do not increase bearing capacity
but prevent pavement from moisture infiltration and loss
of aggregates and improve driving conditions. Hence, the
construction of soft asphalt or Otta Seal reduces the main-
tenance cost and results in a social satisfaction.

2. Concept of Soft Asphalt and
Otta Seal Technologies

Soft asphalt consists of aggregates, aggregates filler, and soft
(low viscosity) bituminous binder. The requirements for soft
asphalt are specified in Standard EN 13108-3.There are several
types of soft asphalt (type A; type B; type C; and type S). The
type is chosen according to desirable mechanical properties
of asphalt mixture under specific climatic conditions.

The practice has shown that soft asphalt requires low
temperature mixing and is elastic, durable, self-healing, well
workable, recyclable, and so forth. However, it has low light
reflection and limited resistance to abrasion. Sometimes it is
unstable or it can form a water film on a new constructed
pavement. Also, the flux used for binder is environmen-
tally unfriendly [15–17]. Nevertheless, the soft asphalt is a
practical rehabilitation technology for gravel roads due to
its property—self-healing. Under high temperature bitumen
becomes significantly softer and cracks heal in soft asphalt

wearing layer. It results in less pavement susceptibility to frost
heaves and fatigue damage.

Based on the Swedish General Technical Construction
Specifications for Roads [16], a single wearing layer of soft
asphalt is laid on gravel roads with AADT ≤ 500 vpd. Other
layers of the pavement structure shall meet the requirements
of the thickness.

Otta Seal consists of soft (low viscosity) binder spraying
on the surface followed by the spreading and rolling graded
aggregates.The layer thickness is about 16–32mm depending
on the number of layers (single or double). Rolling and
trafficking push aggregate particles into binder layer and the
binder rises upwards through the aggregate particles and
mechanically interlocks them. It results in a dense, durable
matrix [21].

The practice has shown that Otta Seal is a durable and
flexible pavement surface. It is tolerant of relatively high
deflections, which are expected on low-volume roads. Also,
the dense and closed texture slows down the rate of oxidation
of the surfacing; that is, it slows binder ageing and hardening.
Furthermore, there is a scope for utilizing labour-based
methods inmany aspects of Otta Seal construction.Themain
advantage is the ability to use relatively inferior aggregates, for
example, screened gravel instead of crushed rock. It results in
low construction cost [20, 21].

Themain disadvantage of theOtta Seal is its initial, incon-
sistent, and somewhat patchy appearance during the first 4–6
months of service life and a need for postconstruction care
(especially, 3-4 weeks after construction). During this stage,
the surface may become rich in bitumen or even “bleed.”
On this kind of areas, sand or crushed dust is spread. It
absorbs the excess of bitumen. Also, a newly constructed
Otta Seal can be dusty and produce “flying stones” [20, 21].
The performance of Otta Seal strongly depends on adequate
design and quality of construction [19]. When double Otta
Seal is constructed, a minimum period of 8–12 weeks is
needed between the construction of the first and the second
layers [20].

The application of Otta Seal is based on the traffic level. It
is recommended to use the single Otta Seal with sand cover
seal when the AADT ≤ 500 vpd and the double Otta Seal
when the AADT > 500 vpd [20–22].These recommendations
are flexible and depend on projects.

3. Experimental Roads Sections of Soft
Asphalt and Double Otta Seal

In Lithuania 19 roads sections of gravel were constructed
using cost effective rehabilitation technologies. In 5 roads
sections (total length 7.39 km) the wearing layer was soft
asphalt; in 14 roads sections (total length 12.57 km) it was
double Otta Seal (Table 1). In all roads sections AADT
was less than 500 vpd except road number 4028 where
AADT was 640 vpd (Figure 1). The number of equivalent
single axle loads (ESALs) was less than 0.1mln in all roads
sections. All roads sections were grouped into five seg-
ments according to Lithuanian regions, that is, Klaipėda-
Tauragė, Šiauliai-Telšiai, Panevėžys-Utena, Vilnius-Alytus,
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Table 1: Experimental roads sections of soft asphalt and double Otta Seal.

Road number Road name Road section (km) Length (km) Type of wearing
layer

Klaipėda-Tauragė
1708 Padubysys-Vosbutai-Butkiškė-Putriai 9.70–10.35 0.65 Double Otta Seal
1716 Pilis-Raudonėnai 3.80–5.20 1.40 Soft asphalt
1717 Armeniškiai-Aukštvilkiai 9.19–9.30 0.11 Double Otta Seal
4516 (1) Skaudvilė-Bijotai-Kelias Kaltinėnai-Kražiai 9.95−10.90 0.95 Double Otta Seal
4516 (2) Skaudvilė-Bijotai-kelias Kaltinėnai-Kražiai 10.90−11.53 0.63 Double Otta Seal
Šiauliai-Telšiai
2735 Tirkšliai-Lėteniai 2.00–2.62 0.62 Double Otta Seal
3208 Rietavas-Lioliai-Mažieji Mostaičiai 17.75–19.48 1.73 Double Otta Seal
4028 Kairiai-Vėgeliai 1.11–2.12 1.01 Soft asphalt

4118 Laukuva-Vaitkaičiai-Kelias
Rietavas-Tverai-Varniai 9.30–10.00 0.70 Double Otta Seal

Panevėžys-Utena
1235 Kurtiniai-Aušra 0.80–2.12 1.32 Double Otta Seal
2427 Salamiestis-Stuburiai 1.70–3.10 1.40 Double Otta Seal
2430 Subačius-Čečeliai 0.65–1.75 1.10 Soft asphalt
Vilnius-Alytus
2518 Veisiejai-Vainiūnai-Barzdžiūnai 0.75–3.30 2.55 Soft asphalt
3918 Jašiūnai-Keidžiai 3.43–4.03 0.60 Double Otta Seal
4726 Grendavė-Gruožninkai 0.00−1.05 1.05 Double Otta Seal
5017 Noškūnai-Panočiai 7.52–8.38 0.86 Double Otta Seal
5235 Šumskas-Vindžiūnai-Medininkai 4.23–5.56 1.33 Soft asphalt
Kaunas-Marijampolė
2642 Mikoliškiai-Jakimavičiai 0.00–0.95 0.95 Double Otta Seal
5123 Gižai-Balsupiai 2.50–3.50 1.00 Double Otta Seal
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Figure 1: AADT and heavy vehicles AADT at experimental roads sections.

and Kaunas-Klaipėda. Each region presents specific climatic
conditions. All roads sections were constructed in 2012.

Soft asphalt was laid on the newly constructed unbound
base layer of crushed stones that was on the existing gravel
pavement. The thickness of the wearing layer and base
layer was 4.5 cm and 15 cm, respectively. If the thickness of
the existing gravel pavement was lower than 35 cm, it was
increased using unbound materials.

The type of soft asphalt was selected according to the
laboratory tests results assessed by the SAW method [13,
23]. Lithuanian experience in gravel roads rehabilitation
using single-layer asphalt pavement revealed most suitable
aggregate fraction (0/16) for typical asphalt concrete [24]. As
a result, the soft asphalt SA 16-d-V6000 type C was used. In
this case, there were required minimum binder content of
4.5%, air voids content of 4.0–9.0%, and indirect tensile ratio
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Table 2: Characteristics of soft asphalt (SA 16-d-V6000 type C).

Characteristic Road number
1716 2430 2518 4028 5235

Binder V6000 content (%) 4.7 5.0 4.7 4.8 4.6
Air voids content (%) 5.5 6.5 5.5 6.9 6.3
Ratio of indirect tensile strengths (ITS) 60.0 99.8 66.0 68.0 71.0

Table 3: Characteristics of bitumen emulsions.

Bitumen emulsion type Characteristics
Bitumen content (%) Kinematic viscosity (mm2/s) Adhesion (%)

C60B1PA-V6000 60.3–62.3 5305–10384 80–100
C60BF1-PA 57.0–61.5 4481–8713 30–80
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Figure 2: Aggregate gradation for double Otta Seal.

not less than 60. The characteristics of soft asphalt (SA 16-d-
V6000 type C) in analysed sections are represented in Table 2.

Double Otta Seal was laid on the newly constructed
unbound base layer of crushed stones that was on the
existing gravel pavement. The thickness of the base layer
was between 7 cm and 10 cm. If the thickness of the existing
gravel pavement was lower than 30 cm, it was increased using
unbound materials.

Double Otta Seal was used that consisted of 0/16-fraction
aggregate and bitumen emulsion. The aggregate gradation
of 0/16 fractions is shown in Figure 2. The passing through
the 0.063mm sieve size had to be between 2% and 5%.
The resistance to fragmentation according to the impact
resistance value was SZ

18
≤ 18% and Los Angeles coefficient

was LA
20
≤ 20%. Two bitumen emulsions were used:

C60B1PA-V6000 and C60BF1-PA. Their characteristics are
represented in Table 3. The aggregate was spread 14 L/m2.
However, it could be corrected according to the aggregate
spread test results. Adhesive additives were not used.

The bearing capacity of the base layer had to be not less
than 120MPa in both rehabilitation cases.

4. Research on Soft Asphalt and Double Otta
Seal Performance

The research on soft asphalt and double Otta Seal perfor-
mance consisted of three parts:

(i) evaluation of bearing capacity of the base layer;

(ii) evaluation of the pavement roughness;
(iii) qualitative visual assessment of defects.

Bearing capacity of the base layer was evaluated after its
construction by static plate load test according to Lithuanian
Standard LST 1360.10.

Pavement roughness was evaluated at the beginning of
the service (autumn 2012) and after 1 year of the operation
(summer 2013) by International Roughness Index (IRI).
The Roads Surface Profilometer Dynatest 5051 RSP and the
Mobile Roads Survey Laboratory RST 28 were used.

The qualitative visual assessment of defects was carried
out annually. Roads sections of soft asphalt were assessed
in spring and summer; roads sections of double Otta Seal
were assessed in spring and autumn. Longitudinal cracking,
transverse cracking, potholes, raveling, seals, and bleeding
were the main factors representing soft asphalt performance.
The performance of double Otta Seal was evaluated by three
groups of defects and longitudinal and transverse cracks.The
first group (P

1
) comprised fatting-up, bleeding, and tracking.

The second group (P
2
) consisted of scabbing, tearing, and

longitudinal joint crack. The third group (P
3
) was streaking.

All defects which are the criteria for assessing the pavement
performance are shown in Figure 3.

The amount of defects (except streaking) was expressed
in percentage. It characterized the area or length (if there
were analysed longitudinal and transverse cracks) of dis-
tressed pavement. The streaking was expressed in meters. It
presented the length of the line or lines in which were lost
chippings from a completed surface dressing.

The results of the qualitative visual assessment of defects
strongly depend on researcher’s experience. Besides, the
complexity of the assessment of fatting-up, bleeding, and
tracking was noticed after first inspection of double Otta Seal
performance. That is why in the report it was suggested to
write 5%, 10%, 30%, 50%, and more than 50% if pavement
suffers from fatting-up, bleeding, and tracking, from 0% to
5%, from 5% to 10%, from 10% to 30%, from 30% to 50%, and
more than 50%, respectively.

5. Results and Discussion

5.1. Influence of the Base Layer Bearing Capacity on Soft
Asphalt and Double Otta Seal Performance. The bearing
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Figure 3: Defects that are the criteria for assessing the pavement performance.

capacity of the base layer after its construction is presented
in Figure 4. In all roads sections the average deformation
module 𝐸V2 reached the requirement of 120MPa.The highest
value (255.63MPa) was on road number 4516 (1); the lowest
(132.58MPa) was on road number 2735. However, in three
roads sections, that were covered with double Otta Seal (road
number 1716, road number 3208, and road number 2642),
some individual values were less than 120MPa. The lowest

value was 77.94MPa on road number 1716. Nevertheless,
the base layer bearing capacity is sufficient and has not a
negative impact on the wearing layer performance. However,
the required deformation module 𝐸V2 of 120MPa has to be
ensured within the whole year, especially during the spring
thaw when the unbound base layers and subgrade are the
weakest. Thus, there is a need to verify the bearing capacity
of the base layer as the frost disappears from the pavement
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structure. The back calculation of 𝐸module from the Falling
WeightDeflectometer (FWD) data is a reasonablemethod for
base layer bearing capacity evaluation.

5.2. Evaluation of the Pavement Roughness. The pavement
roughness at the beginning of the service (autumn 2012) and
after 1 year of the operation (summer 2013) expressed by IRI
is shown in Figure 5. In both cases in all roads sections IRI
met the requirement of 3.5m/km that is specified for roads
of regional significance in Lithuania. At the beginning of the
service, the average IRI of roads sections covered with double
Otta Seal and soft asphalt was 2.62m/km and 1.41m/km,
respectively. The roughness of road sections covered with
soft asphalt reached the requirement for main roads (IRI ≤
1.5m/km). Double Otta Seal showed higher roughness than
soft asphalt because of its nature and texture. The surface
smoothness of double Otta Seal improves within trafficking;
that is, vehicles push down the aggregate particles, and after
8–12 weeks it results in a more uniform and consistent
appearance, which looks somewhat like the asphalt concrete.
After 1-year operation the average IRI of roads sections
covered with double Otta Seal and soft asphalt increased by

2.18% and 21.13%, respectively. The consequence is pavement
deterioration, especially the formation and development of
longitudinal cracks, ravelling, and seals on road sections
covered with soft asphalt. Nevertheless, the average IRI of
these roads sections reached only 1.71m/km and was less
than that of roads sections covered with double Otta Seal. On
each road section covered with double Otta Seal (except road
number 4516 (1), road number 4516 (2), road number 3208,
and road number 4118) and soft asphalt the roughness aver-
agely increased about 4.80% and 3.20%, respectively. On road
number 4516 (1), road number 4516 (2), road number 3208,
and road number 4118 the roughness averagely decreased
about 3.99%. This could have occurred because of imprinted
aggregate particles in spread bitumen emulsion layer.On each
analysed road section since 2013 no roughnessmeasurements
have been carried out. Thus, after 4 years of operation,
the implementation of roughness measurements would be
a reasonable data evaluating the pavement performance.
However, these measurements should be performed only on
roads sections covered with soft asphalt because the surface
of double Otta Seal is not adequate for asphalt mixture.

5.3. Qualitative Visual Assessment of Defects. On roads sec-
tions with soft asphalt within three years of exploitation,
longitudinal cracks, transverse cracks, bleeding, potholes,
ravelling, and seals have been observed. The degree of pave-
ment suffering from longitudinal cracks on each road section
is shown in Figure 6. Longitudinal cracks are expressed in
percentages as the ratio of cracks length to road section
length.Themost distressed road section is road number 2430.
It is located in Panevėžys-Utena region. It was evaluated that
the average amount of longitudinal cracks within three years
of operation is 15.71%.Themaximum value of 20.05% and the
lowest value of 6.93% on road number 2430 were determined
in spring 2014 and summer 2013, respectively. In summer 2013
the longitudinal cracks decreased by 62.98%. This reduction
is consequence of soft asphalt ability to self-heal under
high pavement temperatures. However, in summer 2014,
longitudinal cracks self-healed lower than previous year (only
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Figure 6: Longitudinal cracks on roads sections covered with soft
asphalt.
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Figure 7: Transverse cracks on roads sections covered with soft
asphalt.

13.90%) and in summer 2015 they did not even change. This
phenomenon was a result of less warm summer than in 2013.

In spring 2015 less transverse cracks were observed than
in 2014 summer. These data might be determined because
cracks healing could continue after conducted qualitative
visual assessment of defects (typically the qualitative visual
assessment of defects is carried out during the hottest period
of summer) and the winter 2014/2015 was not severe. Similar
tendencies of longitudinal cracks developmentwere observed
on road number 2518, which is located in Vilnius-Alytus
region. There, the maximum and the minimum values were
4.15% and 0.39%, respectively. On road number 1716, which
is located in Klaipėda-Tauragė region, longitudinal cracks
(0.07%) completely healed in summer 2013 and have not
formed again. In both roads (road number 4028, which is
located in Šiauliai-Telšiai region, and road number 5235,
which is located Vilnius-Alytus region) longitudinal cracks
did not form from the beginning of exploitation.

The degree of pavement suffering from transverse cracks
on each road section is shown in Figure 7. Transverse
cracks are expressed in percentages as well as longitudinal
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Figure 8: Bleeding on roads sections covered with soft asphalt.

cracks. Transverse cracks appeared after one year of operation
(after 2013/2014 winter). The maximum value of 1.17% was
determined on road number 2518 in spring 2014. However, it
decreased by 60.00% in summer 2014 because of soft asphalt
ability to self-heal under high pavement temperatures. The
increase of transverse cracks on road number 2518 in summer
2015 and the tendency of longitudinal cracks development
on road number 2430 are questionable because usually
transverse cracks occur after winter and decrease only if
wearing layer has self-healing property.On road number 5235
transverse cracks (0.35%) completely healed in summer 2014
and have not formed again. In both roads (road number 1716
and road number 4028) transverse cracks have not formed
from the beginning of exploitation.

The degree of pavement suffering from bleeding on each
road section is shown in Figure 8. Bleeding is expressed
in percentages as the ratio of area, in which bleeding has
appeared, to road section area. Bleeding occurred after one
year of operation (in summer 2014). The most distressed
road section is road number 1716. It is located in Klaipėda-
Tauragė region. On road number 1716 the average amount of
bleeding within three years of operation is 1.18%. There the
maximum value of 3.95% and the lowest value of 0.08% were
determined in summer 2015 and summer 2013, respectively.
It was observed that on road number 2430 the bleeding is
less than 0.38%. On roads number 2518, number 4028, and
number 5235, bleeding did not form. It only appeared in
specific areas such as turning or breaking points and was less
than 0.01%. Road number 2518 and road number 4028 are
located where the absolute maximum air temperature is even
higher than 35∘Cduring summer time. It reveals that bleeding
does not depend on the maximum air temperature. However,
the length of hot periodmight be a decisive factor in bleeding
development. In analysed roads sections the binder content
also does not influence bleeding because road number 1716
and road number 4028 were designed with the same binder
content (4.7%) and the performance considering bleeding is
absolutely different.

Potholes appeared only on road number 2518 after half a
year of operation. It was less than 0.01%. Because of pavement
deterioration it has increased 2.25 times but still remained less
than 0.01%.
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Figure 9: Ravelling on roads sections covered with soft asphalt.
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Figure 10: Seals on roads sections covered with soft asphalt.

The degree of pavement suffering from ravelling on each
road section is shown in Figure 9. Ravelling is expressed
in percentages as the ratio of area, in which ravelling has
appeared, to road section area. In all analysed roads sections
ravelling was lower than 0.5%. The most distressed road
section is road number 1716. There the average amount of
ravelling within three years of operation is 0.15%. On the road
number 1716 the maximum value of 0.44% and the lowest
value of 0.01%were determined in summer 2014 and summer
2013, respectively. At least distressed road section is road
number 5235.

There, the average amount of ravelling within three years
of operation is only 0.02% and the maximum value of 0.03%
was determined in spring 2015. The reason of ravelling is
a reduction in adhesion, that is, the loss of bond between
aggregate particles and the binder. It results fromwater on the
pavement, which causes the loss of the binder, and vehicular
traffic, which gradually ravels away the aggregate particles.

The degree of pavement suffering from seals on each
road section is shown in Figure 10. Seals are expressed in
percentages as the ratio of area, in which seals have appeared,
to road section area. In all analysed roads sections the amount
of seals was lower than 0.07%. The most distressed road
section is road number 2518. There the average amount of
seals within three years of operation is 0.02%. On road

number 2518 themaximumvalue of 0.05%was determined in
summer 2013. At least distressed road section is road number
2430. There the average amount of seals within three years
of operation is almost zero. The consequence of seals is the
traffic of large farm equipment, which usually broke the edge
of the pavement. The decrease of seals (e.g., on road number
1716 and road number 2518) might happen because of routine
maintenance.

On roads sections with double Otta Seal within three
years of operation, longitudinal cracks, transverse cracks,
fatting-up, bleeding, tracking, scabbing, tearing, longitudinal
joint crack, and streaking have been observed. The degree
of pavement suffering from longitudinal cracks on each
road section is shown in Figure 11. These distresses have
been observed since spring in 2014. Longitudinal cracks are
expressed in the same manner as on the roads covered with
soft asphalt. The most distressed roads sections are road
number 1708, road number 4516 (1), and road number 2642.
There the average amount of longitudinal cracks within three
years of operation is 21.81%, 13.84%, and 30.71%, respectively.
The maximum value of 48.42% was determined in autumn
2015 on road number 2642. Such a huge development of
longitudinal cracks could happen because of too less bearing
capacity during the spring thaw; then the unbound base
layers and subgrade are the weakest. It also explains why
on some roads (e.g., on road number 2642) the amount of
longitudinal cracks in autumn was higher than in spring. On
four roads (road number 4516 (2), road number 2735, road
number 3918, and road number 5123) the average amount
of longitudinal cracks within three years of operation varies
from 1% to 9%. Other roads are not prone to longitudinal
cracks development because cracks appeared in less than 1%
of road length. On some roads (e.g., on road number 1708,
road number 4516 (1), and road number 4516 (2)) in autumn
2014 less longitudinal cracks were determined than in spring
2014. The reason is emulsion production used soft bitumen,
which results in pavement self-healing under high pavement
temperatures. However, this phenomenon was observed only
in 2014.

The degree of pavement suffering from transverse cracks
on each road section is shown in Figure 12. These distresses
have been observed since spring in 2014. Transverse cracks
are expressed in the same manner as on the roads covered
with soft asphalt. The most distressed roads sections are
road number 1235 and road number 5017. There the average
amount of longitudinal cracks within three years of operation
is 1.4% and 1.05%, respectively. The maximum value of
4.19% was determined in spring 2014 on road number 5017.
However, later, all transverse cracks disappeared. Besides,
on road number 1235 in autumn 2014, transverse cracks
decreased to 85.91%.

Similar tendency of transverse cracks decrease was also
observed on other roads. Hence, on the roads covered with
double Otta Seal, transverse cracks self-heal under high
pavement temperatures. Five roads (road number 1708, road
number 1717, road number 3918, road number 2642, and
road number 5123) are resistant to development of transverse
cracks. On other roads the average amount of transverse
cracks within three years of operation was less than 1%.
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.

The degree of pavement suffering from P
1
(fatting-up,

bleeding, and tracking) on each road section is shown in
Table 4. These distresses have been dominated since roads
construction and they have quite rapid development over
time. In order to better evaluate double Otta Seal perfor-
mance considering the severity of failure P

1
, the number

of roads with the same degree of fatting-up, bleeding, and
tracking was calculated in each period (Figure 13). After the
beginning of exploitation on the 8 roads of 14 P

1
was less than

5% and on road number 2427 it was up to 50%.The situation

became worse and worse after each summer. In autumn 2015
on three roads sections (road number 4516 (1), road number
2427, and road number 3918) P

1
was up to 50% and on road

number 1235 it was higher than 50%. In hot summer days the
pavement surface on these roads becomes sticky and hardly
passable on foot. It results in inhabitants’ complaints. The
bitumen bleeds up because of inadequate binder content and
uneven binder distribution within the nozzle beam. Some
bleeding in specified areas and in the wheel paths is a normal
part of the curing process for double Otta Seal. Typically,
the fine aggregate has to be used for blinding-off. However,
if bleeding is extensive, a coarse aggregate is more suitable.
The spread aggregate has to be rolled. All works related to
bleeding-off have to be conducted in the hot time of the day.
On experimental roads these works had not been carried out.

The degree of pavement suffering from P
2
(scabbing,

tearing, and longitudinal joint crack) on each road section
is shown in Figure 14. The most distressed roads sections
are road number 1708 and road number 2735. There the
average amount of P

2
within three years of operation is

4.14% and 3.19%, respectively.Themaximum value of 20.64%
was determined in autumn 2012 on the road number 1708.
On 5 roads (road number 4516 (2), road number 3208,
road number 4118, road number 2427, and road number



10 Advances in Materials Science and Engineering

Table 4: P
1
(fatting-up, bleeding, and tracking) on roads section covered with double Otta Seal.

Region Road number
P
1
(fatting-up, bleeding, and tracking) (%)

2012 2013 2014 2015
Autumn Spring Autumn Spring Autumn Spring Autumn

Klaipėda-Tauragė

1708 5 5 5 5 5 5 5
1717 30 30 30 30 30 30 30

4516 (1) 10 10 30 30 30 30 50
4516 (2) 5 5 10 10 5 5 10

Šiauliai-Telšiai
2735 5 5 5 5 5 5 5
3208 30 30 30 30 30 30 30
4118 5 5 10 10 10 5 10

Panevėžys-Utena 2427 50 50 50 30 50 30 50
1235 30 30 50 50 >50 50 >50

Vilnius-Alytus
3918 5 5 10 10 30 50 50
4726 5 5 5 5 5 5 5
5017 10 10 30 30 30 10 10

Kaunas-Marijampolė 5123 5 5 5 5 5 5 5
2642 5 5 5 5 5 5 5
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Figure 14: P
2
(scabbing, tearing, and longitudinal joint crack) on roads sections covered with double Otta Seal.

4726) P
2
varied from 0.1% to 1.3%. 50% of roads (road

number 1717, road number 4516 (1), road number 1235,
road number 3918, road number 5017, road number 2642,
and road number 5123) are not prone to scabbing, tearing,
and longitudinal joint cracking. On some roads (e.g., on
road number 1708, road number 2427) P

2
decreased due to

sealing of scabbing within routine maintenance. Scabbing
occurred because of inadequate bond between the base and
double Otta Seal. Light watering before spraying the binder
enhances it. However, on all experimental roads, it was not
done.

The degree of pavement suffering from P
3
(streaking) on

each road section is shown in Figure 15. The streaking was
found only on 5 roads of the 14 in one year (from autumn 2013
to autumn 2014).The amount of P

3
on each road varied from

5m to 156m. The main cause of streaking is a lack of binder

because of irregular transverse distribution of binder within
the nozzle beam. Besides, a minimum period of 8–12 weeks is
needed between the construction of the first and the second
layers. However, in all experimental roads, double Otta Seal
was constructed at one stage. P

3
might have disappeared

because vehicles had pushed the aggregate particles deeper
into binder.

6. Conclusions

The implemented research on soft asphalt and double Otta
Seal performance within first three years revealed the follow-
ing:

(i) The construction of soft asphalt and double Otta Seal
is a reasonable solution for dustiness control on gravel
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roads with AADT and ESALs less than 500 vpd and
0.1mln, respectively.

(ii) As the bearing capacity of constructed roads base
met technical regulation requirements it had no
negative impact on soft asphalt and double Otta Seal
performance. However, the deformation module 𝐸V2
of 120MPa has to be ensured not even at construction
but also during exploitation phases.

(iii) All tested road sectionsmet IRI requirement for roads
of regional significance (≤3.5m/km). It can be stated
that both technologies have no negative impact on
pavement roughness after three years of exploitation.

(iv) Both technologies showed self-healing effect after
warm seasons. Dependently on the road peculiarities
and technology it was observed that from 13% to 100%
distresses healed after each summer.

(v) Longitudinal cracks, transverse cracks, and bleeding
can be defined as dominant distresses of road sections
with soft asphalt.

(vi) Fatting-up, bleeding, and tracking (P
1
) and, on some

roads, scabbing, tearing, and longitudinal joint crack
(P
2
) can be defined as dominant distresses of road

sections covered with double Otta Seal.
(vii) There is not any evidential relationship between the

degree of distresses and AADT, ESALs, or road
section location.

(viii) Critical factor for road sections covered with double
Otta Seal is incomplete construction and mainte-
nance of constructed road sections. During construc-
tion phase light moistening should be applied on the
base before bitumen emulsion spreading. Two-stage
construction of first and second layer of double Otta
Seal is strictly recommended; the second one should
be applied not less than after four weeks of road
exploitation and maintenance of emerged defects in
first layer.

(ix) The trial emulsion and aggregate spreading and com-
paction rolling are strictly recommended for Otta

Seal technology in order to verify the emulsion and
aggregate application rates and a sufficient number of
roller passes.
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Concrete as a construction material is characterized by high compressive strength, low tensile strength, and good casting ability.
In order to fully utilize the potential of this material, the form of load-carrying structures has to be designed according to the
stress distribution in the structure. Partially hollow structures, such as hollow beams, or doubly curved structures, such as shells,
have favorable characteristics. In hollow structures, material savings are achieved in the individual building components by locally
reducing dimensions. Concrete shells, if designed properly, are able to span over large areas by transferring the loads mainly by
membrane stresses. The main problem with these structures, however, is the high effort required for producing the complicated
formwork. One possibility of reducing this effort is to use a pneumatic formwork. This paper describes different pneumatic
formwork systems invented in the past 100 years and presents the latest developments in this area. The many types of possible
applications are divided into three categories in order to obtain a clearer overview. Finally, a new construction method, called
“Pneumatic Forming of Hardened Concrete (PFHC),” is presented. This method was invented at the TU Vienna and uses the
pneumatic formwork in a novel way.

1. Introduction

The building industry consumes 50–60% of all used natural
resources [1]. The largest part of these resources used by the
building industry (about 40%) goes into making concrete. In
Austria, about 36 million tons of concrete is produced per
year, in Germany up to 261 million tons, and worldwide up
to 31,654 million tons (values based on cement consumption
[2–4], assuming an average value of 12% cement per m3
of concrete [5]). Considering the raw materials used for
concrete production (cement, aggregates, etc.), the transport
and production of onem3 of concrete cause about 190–335 kg
CO
2
equivalents. The emissions of one m3 of concrete of

class C30/37 correspond to those produced by a 2000 km
long car ride in a convenient middle-class car, which emits
120 g of carbon dioxide per km. In total, the concrete industry
is responsible for a large part of the global emissions, and
the worldwide concrete consumption is increasing sharply
(+27% from 2010 to 2015). Thus, it is crucial to reduce
these emissions caused by the concrete industry. Concrete
has a high compressive strength and a low tensile strength.

Unfortunately, most of the concrete structures do not use
these properties to their advantage. In most of the struc-
tures, high tensile stresses caused by bending moments,
shear forces, and torsional moments lead to low utilization
of the material and require a big amount of additional
reinforcement. In comparison, hollow structures or doubly
curved structures such as shells exhibit advantageous load-
bearing behavior if designed correctly. This leads to high
utilization of thematerial and reduces the amount of required
reinforcement.

Nevertheless, only few of these types of structures are
built at the moment. The main reason is that both the com-
plicated production and formwork as well as the falsework
are very material and labor-intensive. One possibility of
significantly reducing the effort required for the complicated
formwork and falsework is to use a pneumatic formwork. A
thin membrane is filled with air and serves as the supporting
structure. Many of the existing pneumatic formwork systems
struggle with process-related inaccuracies with respect to the
reference geometry and the thickness of the final structure. In
addition, the membrane serving as the supporting structure
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Figure 1: Construction method for pipes proposed by Nose [6].

can become deformed, particularly when a material with a
comparatively high density (e.g., concrete) is applied. This
results in deviations from the designed structure. To address
these problems, a new constructionmethod using pneumatic
formwork in a novel way is developed in this paper.

2. Historical Overview of Pneumatic
Formwork Systems

There is a wide range of different pneumatic formwork
systems. The following comprehensive overview shows dif-
ferent fields of application and different approaches. Existing
problems of the various systems will be analyzed, and the
results will serve as the basis for using the existing systems
in novel ways and for the development of new systems.

One of the first applications of pneumatic formwork was
patented in 1926 [6] and 1931 [22] by Nose for the production
of culverts and concrete pipes. As shown in Figure 1, he
used tube-like inflatable structures, mounted them on outer
frames (e.g., wooden sideboards), and filled the remaining
space with concrete. Afterwards he deflated and removed the
membrane.

A few years later, in 1941, Neff was the first to invent
a technology for building cost-efficient houses using pneu-
matic formwork [7, 23]. In this method, a membrane with
the desired form is produced first. This membrane is tied
down with ropes at the edges and the bottom to prevent it
from lifting off the ground. In the next step the reinforcement
is mounted and the concrete is sprayed onto the membrane
in multiple layers until the required thickness is obtained.
Subsequently, themembrane is deflated and removed. Finally,
the windows and the door are cut out. Figure 2 shows a
concept drawing of the construction method and Figure 3
shows a concept drawing of an improved version. Neff had
the problem that the tensile forces at the circumference led
to cracks in the lower parts of his shells. He improved his
construction method in 1952 by adding wrappings in the
lower part of the structure to absorb the tensile forces, as
shown in Figure 3. He graduated the length of the wrappings
in the transition area from a cylindrical to a spherical form
[8].

In 1949, Mathews patented a method for the production
of hollow concrete units [9]. An inflatable core positioned
between a bottom and top plate made of steel is used to leave
the desired space in between the plates, as shown in Figure 4.
Themain purpose of this was to reduce the required concrete
mass as well as the weight of the elements.
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Figure 2: Concept drawing by Neff for the construction of concrete
shells [7].
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Figure 3: Concept drawing of Neff ’s “improved method of erecting
shell form concrete structures” [8].

Leonhardt also worked with a type of pneumatic form-
work. He used tubular inflated rubber hoses as cladding
tubes. He placed additional steel rings at the bends of the
hoses and then inflated the tubes. By doing this, a ribbed
internal surface of the channel was achieved with the purpose
of reducing the friction of the prestressing cables [10].
Figure 5 shows a drawing of the production principle.

In 1968, Mora patented another method for the construc-
tion of lightweight wall elements [24]. Elliptical inflatable
tubes are placed between facing skins made of a suitable
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ribbed rubber hoses [10].

material (e.g., plastic, textile, rubber, fiberglass, or combi-
nations thereof). Unlike Mathews he rotated the pneumatic
structures by 90∘ and installed them vertically in the wall
elements. After inflation of the formwork, the concrete is
cast in the hollow space between the tubes and the skin. It
is crucial to fix the tubes securely in their position to avoid
lift-off due to the pressure exerted by the concrete.

Bini invented an alternative constructionmethod for shell
houses in 1969, which is described in [11, 25–27]. As opposed
to all themethods described above, he cast a flat concrete plate
and then formed the green concrete into a doubly curved
shell. He fixed the membrane inside a groove as shown in
Figure 6(a) running in the circumferential direction by inflat-
ing an additional pneumatic tube inside of it.Themembrane,
serving as formwork, is folded so as to accommodate the
strains in the circumferential direction during inflation by
unfolding. In the next step, the reinforcement is mounted. In
order to absorb the strains in the peripheral reinforcement,
the bars are formed into springs as shown in Figure 6(b). A

straight reinforcement bar is fixed in the middle of the spring
and pulled out slowly during the transformation process from
the flat plate to the doubly curved shell. Due to the larger
strains in the area in between the edges and the plate center
occurring during the transformation process, the thickness
of the flat green concrete plate increases from the edge to
that area and decreases again to the center of the plate as
shown in the concept drawing in Figure 7. After finishing the
transformation process, the concrete is compacted by surface
vibrators pulled by ropes. Bini built over 500 shells with this
construction method. An exemplary list of binishells built in
Australia can be found in [28]. In 1975, a modified version of
this method was used by the US Army. The main difference
was that they used steel-fiber reinforcement instead of the
complicated spring reinforcement and a membrane with a
greater thickness of up to 3.2mm.Various problems occurred
during the production of the shells. The strains in the
green concrete during the transformation process led to
variable shell thickness across the structures. In addition, it
is generally not possible to provide the same properties of
fresh concrete over thewhole plate for a longer period of time.
Consequently, geometric deviations occurred, which led to
the collapse of some of the shells built with this method.
Due to these problems, this construction method slowly
disappeared from the market.

In 1969, another construction method for the production
of cost-efficient houses was patented by Heifetz in Israel.
Similarly to Neff ’s method, a pneumatic formwork is inflated,
reinforcement is mounted on the outside of the membrane,
and shotcrete is applied [12, 29]. The difference is that Neff
used a pressure of 0.5–2.0 kN/m2 in the pneumatic formwork
and Heifetz used a higher pressure (4.0–10.0 kN/m2) in order
to minimize the deformations during concrete spraying. The
different production steps are shown in Figure 8.

In 1971, MacCracken patented a method for building self-
supporting shell roofs made of a flexible, heatable plastic
material [13]. As shown in Figure 9 flexible structure is
inflated and supported by the air pressure. The structure is
hardened by applying heat with hot gases or by feeding hot
fluids through ducts to achieve a heat exchange with the roof.
The ducts can later be used to melt any snow accumulated on
the finished structure.

Isler also experimented with pneumatic formworks. He
applied different materials such as concrete, gypsum, clay,
and water which he froze afterwards, onto the pneumatic
formwork [14]. He also used the inflated membranes shown
in Figure 10(a) for the form-finding process for humpback
shells. Figure 10 shows an urban project from 1977, in which a
balloon served as pneumatic formwork to build earthquake-
resistant houses in Iran [30]. Locally available materials such
as sand and clay were to be applied to the formwork. Unfor-
tunately the project was canceled due to the political situation
in the country. Preliminary experiments were performed
in Burgdorf in Switzerland with a gypsum-clay as well as
a gypsum-cement mix. The application process is shown
in Figure 10(b). The balloon had a two-chamber system to
allow a deviation from the spherical shell form and to avoid
the need for additional fixations at the circumference of
the pneumatic structure.Themanufactured prototype slowly
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Figure 7: Bini’s shell construction method [11].

failed due to buckling as a result of the low freeze-thaw
resistance of thematerials. A gypsum-claymix can only resist
a dry cold, as would be found in Iran.

In 1978, Prouvost invented a pneumatic formwork
method for houses or similar buildings that is close to
previously developed methods. It is described in [15]. As
opposed to the previously invented methods, he used a
two-chamber system, which avoids the need for elaborate
anchoring of the pneumatic formwork at the bottom, as
shown in Figure 11.

A further constructionmethod for the production of con-
crete domes was invented in 1979 by South. Like others before
him, he also sprayed concrete onto an inflated pneumatic
formwork, as described in [31, 32]. In contrast to Neff and
Heifetz, South mounted the reinforcement onto the inside
of the membrane and improved the stiffness of the inflated
membrane by applying an additional layer of polyurethane

before the reinforcement and the concrete were applied. This
layer also serves as insulation.

Nicholls patented a shell construction method in 1984, in
which he applied a dry concrete premix onto a weakly curved
pneumatic formwork. Afterwards, the plate was transformed
into a doubly curved shell with the aid of the pneumatic
formwork [33]. Finally, water was sprayed onto the shell to
set the hardening process in motion. Two properties limit the
application of this construction method. First, the thickness
of the concrete premix can easily change during the transfor-
mation process, resulting in a variable thickness of the shell.
Secondly, the water-cement ratio varies significantly across
the finished shell due to the application of the water spray.
Thus, poor and varying hardened concrete characteristics
have to be expected.

Schlaich and Bergermann came up with the idea of using
additional ropes to influence the form of the pneumatic
formwork. As described in [34], these ropes create something
akin to ribs and have a beneficial effect on the load-carrying
behavior of the shell. Another idea of Schlaich consists in
placing precast concrete parts on a pneumatic formwork
to induce the desired deformations during assembly and
subsequently filling the gaps with cast in situ concrete [35].
This makes it possible to adjust the air pressure in the pneu-
matic formwork during construction, before the individual
elements are connected.

An extension of the construction methods invented by
Neff and Heifetz was developed by Thoeny in 2005 [16]. The
basic principle, shown in Figure 12, consists in using one
or more pneumatic structures, draping fabric over the said
structure(s), and applying a coating (e.g., sprayed concrete).
Subsequently the pneumatic formwork can be deflated and
removed.

Pneumatic formwork can also be used to build structures
out of ice. Exemplary Kokawa builds ice shells using inflated
formworks for about 30 years. He influences the shape of



Advances in Materials Science and Engineering 5

Figure 8: Domecrete construction method invented by Heifetz [12].
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Figure 9: Method developed by MacCracken for building rein-
forced plastic shells by inflating the formwork and hardening the
shell by heating [13].

the pneumatic formwork and subsequently the shape of ice
shell by prestressing additional ropes against the membrane
as described in [36]. After inflation of the membrane water is
sprayed onto pneumatic formwork until the requiredmaterial
thickness is reached.

An improved method to build structures out of ice using
a flexible mould is currently used by Pronk. Like Kokawa
he uses an inflated membrane with additional ropes as
formwork. The water is replaced by reinforced ice, a mixture
of water and sawdust called Pykrete, and is sprayed on the
pneumatic formwork using a centrifugal pump. So far he built
a number of impressive structures such as a 30∘m-span ice
dome or an ice church called the Sagrada Familia in Ice as
described [17, 18] and shown in Figure 13.

Another idea is presented byVerwimp et al. in [37]. A thin
textile-reinforced concrete (TRC) layer in its unhardened
state is applied onto a flexible formwork (e.g., a pneumatic
formwork) to increase the stiffness of the membrane. After
the first layer has hardened, an additional concrete layer can
be applied, which causes only minor deformations of the thin
concrete shell.The textile reinforcement in the TRC layer also
serves as part of the statically required reinforcement and
(partly) replaces the conventional reinforcement.

Quinn and Gengnagel describe in [38] the use of
pneumatic formwork for the erection of elastic grid shells,
highlighting speed, safety, control, and costs. The pneumatic
formwork is inflated and lifts the gridshell until the required
shape is reached.The systemwas already testedwithin a small
prototype within a student workshop.

A different application of pneumatic formwork was first
tested in 2014 by a team of the University of Stuttgart
[19]. Developed following the biological investigation of the
water spider, a membrane was inflated and subsequently
reinforced with epoxy-resin-impregnated carbon fibers. A
six-axis robot was placed in the middle of the structure and
sequentially applied the preimpregnated fiber roving onto the
inside of the surface where statically required [39]. Figure 14
shows the construction principle. After the carbon fibers
had been applied and the impregnation had hardened, the
membrane could be deflated and the openings cut out. The
impregnated fibers serve as the supporting structure and
the membrane serves as a leak-proof protective cover. The
demonstration structure with a span of 8.5m erected in
Stuttgart covers an area of 40m2 and encloses a volume of
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(a) (b)

Figure 10: Form-finding with pneumatic formwork (a) and production of a prototype of a circular house with a gypsum-clay mix (b) by Isler
[14].
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Figure 11: Construction method invented by Prouvost with two air
chambers to avoid the need for fixations at the circumference [15].
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Figure 12: Shell construction method proposed byThoeny using an
additional fabric layer before applying shotcrete [16].

125m3. The total weight of the prototype shell is only about
260 kg. Figure 15 shows the finished prototype.

Nowadays, pneumatic formwork systems are used fre-
quently, mainly employing the systems developed by Nose,
Heifetz, and South. Leading companies are SO.CA.P. Srl,
Dome Technology, Monolithic, Pirs, YSM, and Concrete
Canvas [20, 21, 40–43]. The construction principle of Mono-
lithic is shown in Figure 16 using the system of South.
Concrete Canvas uses fabric panels impregnated with a dry

concrete premix and connects them in a prefabrication
process in order to complete the structures. This allows for
easy delivery of the constructionmaterial to the building site.
This construction method is suitable for small shelters with
low static requirements.They can easily be assembled by first
inflating the formwork and then spraying the water. As with
the system developed by Nicholls, a varying water-cement
ratio across the structure has to be expected.

3. Classification of Existing Pneumatic
Formwork Systems

Analyzing the existing systems, the formwork systems are
classified into three main groups which are subdivided into
four subgroups, as shown in Figure 17. The first main group
represents the systems that use the pneumatic formwork as an
internal spacer to build tubes or hollow elements. This group
is called “air space pneumatic formworks” and includes, for
example, the systems proposed by Nose, Mathews, Loen-
hardt, or Mora. The second main group is called “classical
pneumatic formworks.” It contains the systems in which
a membrane is inflated first and the concrete or another
material is applied afterwards, such as the systems developed
by Neff, Heifetz, Prouvost, South, Schlaich and Bergermann,
Thoeny,Verwimp et al., orDoerstelmann et al.The thirdmain
group, called “lifting pneumatic formworks,” encompasses
the systems in which the concrete or a cement matrix is
applied onto a flat plate, which is subsequently transformed
into a doubly curved shell. Examples are the systems invented
by Bini or Nicholls.

3.1. Air Space Pneumatic Formworks. Air space pneumatic
formworks are the oldest known types of inflatable form-
works. They are used for two different purposes: either to
form a hollow space within a structure for a special purpose
(e.g., a pipe) or to form an air space in areas of low stress
within a solid building component to save construction
material. Particular attention has to be paid to fixing the
pneumatic structures in the right position and to preventing
them from lifting off. If the entire pneumatic structure is fully
enveloped by concrete, it has to be taken into account that
the membrane remains embedded in the finished structure.
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Figure 13: Ice structures built with pneumatic formwork by Pronk [17, 18].

Figure 14: Construction method used for the ICD/ITKE research pavilion in 2014/15 ©ICD/ITKE University of Stuttgart.

If the formwork is used to create some kind of tube, the
membrane can be deflated, removed, and reused. The most
frequent application of pneumatic formwork in concrete
construction is in light wall elements or light slab systems.
It has to be taken into account that additional formwork or
a trench is required to shape the external surfaces of the
structure.

3.2. Classical Pneumatic Formworks. Classic pneumatic
formworks are suitable for building thin shell structures.
Here, the pneumatic formwork is used to actively shape
the structure. This means that the pneumatic formwork
has the form of the finished structure. If a one-chamber
system is used, the air pressure is the same at any point and
acts perpendicular to the membrane. Since the pressure
is constant over the entire surface, a pneumatic structure
tends to have a spherical shape. The shape can be influenced
by using a knitted or glued pneumatic structure made
of tailor-made membrane strips or by prestressing the
membrane with wrappings or ropes. However, the tensile
force in the membrane is always directly dependent on
the internal pressure of the pneumatic formwork and the
radius of curvature. Pneumatic structures generally have
small radii of curvature and do not have to resist large loads.
Additionally, large deformations are permitted in most cases.
Consequently, most differences in curvature have no effect
on usability. In contrast, in pneumatic formworks used for

concrete structures, the pressure exerted by the concrete is
high in comparison to the internal pressure and additionally
the radius of curvature is relatively large. Sobek [35] analyzed
green concrete and found that it is sensitive to deformations.
He investigated the influence of deformations on different
mixtures and their hardening characteristics. The adverse
influence of deformations on the concrete properties can
be improved by using a tailored concrete mixture. Large
deformations and the long time required to apply the
concrete over the entire pneumatic formwork still remain as
central problems. A deviation from the desired rotationally
symmetric shell form leads to varying radii of curvature
and differing stresses in the membrane. The result is varying
deformations during the application of the concrete on the
membrane. However, this is not a problem as long as the
shell size is small and the utilization factor of the concrete is
low.

To use classic pneumatic formworks, several boundary
conditions have to be fulfilled. Sobek described the design,
the construction principle, and the production of classic
pneumatic formworks in [44]. He paid special attention to
the stresses in the concrete shells before and after deflation of
the pneumatic formwork (internal pressure and dead weight,
resp.) and found that pneumatically formed concrete shells do
not always exhibit membrane stress, as opposed to what was
thought previously. It is rather in the hand of the designer to
create a shell shape suitable for construction with pneumatic
formwork. Sobek also suggested that a big variety of different
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Figure 15: Inflated pavilion strengthened with carbon fibers which are applied by a robot arm [19] ©ICD/ITKE University of Stuttgart.

Figure 16: Schematic drawing of the construction method used by Monolithic ©Monolithic [20].

shapes can be built with classic pneumatic formworks if the
pressure is controlled very precisely. It has to be taken into
account that the atmospheric pressure (1-2 kN/m2) and the
change of temperature (change of the air volume) have a
great influence on the shape of the pneumatic formwork.
In [45], van Hennik and Houtman analyzed the behavior of
irregular classic pneumatic formworks. They stated that it is
possible to deviate from the spherical form, but this results in
local deformations of themembrane. In addition, unfavorable
tensile stresses occur in the finished structures, which limit
their potential significantly.

Different modifications to improve the stiffness of the
membrane for later application of concrete have been devel-
oped in the past. Experience shows that systems using an
additional stiffening layer, for example, the system developed
by South and used by Dome Technology, Monolithic, and
Pirs to build rotationally symmetric domes, have the highest
potential and can be used to build domes with spans of over
20m. An example of a finished concrete shell built by Dome
Technology is shown in Figure 18.

3.3. Lifting Pneumatic Formworks. Inflatable structures are
often used as lifting devices. They are characterized by low
weight, comparatively low acquisition costs, and ease of infla-
tion and deflation. Depending on the tensile strength of the
membrane, the strength of the seams, and the performance
of the pressure-producing device (e.g., a compressor, a side
channel blower, or a fan), high loads can be lifted, for example,
with lift pads.

Large lift pads can also be used as pneumatic formwork to
produce shells. A malleable material is placed on the deflated
pneumatic formwork and is transformed into the desired
shape when the formwork is inflated.

If the added material is still soft during inflation, the
lifting pneumatic formwork is said to be form-active (the
same as classic pneumatic formworks). If the formwork
deviates from the planned shape, the shape of the finished
structure will deviate too. During the transformation process,
the soft material has to be able to absorb the strains that
occur during the transformation of the flat plate into a
doubly curved shell. If, for example, concrete is used as the
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Figure 18: Rotationally symmetric concrete dome built by Dome
Technology [21] ©Dome Technology.

construction material, it has to be taken into account that
different flow properties (caused, e.g., by different concrete
ages) across the surface can cause a deviation from the desired
shape. This can be a problem because unexpectedly high
stresses can occur in the finished structure. It is important
that the pneumatic formwork also is able to absorb the
large strains in the circumferential direction. Hence, either a
membrane with very high elasticity is used or the pneumatic
formwork has to be folded at the bottom which then unfolds
during the erection process.

An advantage of the lifting pneumatic formworks com-
pared to the classical pneumatic formworks is that the
moulded material can easily be applied onto the initially flat
membrane and transformed afterwards. Since shell structures
have small thickness-to-span ratios, only very low pressure
is needed for the transformation. If, for example, a concrete
plate with a thickness of 100mm is transformed, a pressure of
only 25mbar is sufficient for lifting.

Up to now, only green concrete, concrete premixes, or
a concrete premix in combination with a coating fabric has
been lifted, and they have been accompanied by geometric
deviations from the planned structure. In order to take
advantage of the favorable load-bearing behavior of doubly
curved structures with large spans, the shell has to be built
with minor deviations from the optimized geometry.

In the following part of the paper, a new and more
precise construction method, called Pneumatic Forming of
HardenedConcrete (PFHC), is presented, which uses a lifting
pneumatic formwork in a novel way.

4. The Pneumatic Forming of Hardened
Concrete Construction Method

The PFHC construction method was derived from hydro-
forming, as known from mechanical engineering, and rep-
resents a new way to build doubly curved shells in an
economical as well as labor and resource-efficient manner.
As described in [46], a flat, hardened concrete plate is
transformed into a doubly curved shell with the aid of
pneumatic formwork and post-tensioning tendons. During
the transformation process, the plate is lifted and distorted
by inflating the pneumatic lifting formwork and stressing the
post-tensioning tendons as shown in Figure 19.

Erecting a shell from a flat plate causes large strains
in the circumferential direction. To absorb these strains,
wedge-shaped gaps have to be left in the flat concrete plate
using tailored formwork. Pneumatic formwork with almost
the same diameter as the concrete shell is used to lift
the concrete plate to transform it into a shell. Additional
pneumatic wedges are fixed between the concrete elements
to protect the balloon in the areas of the wedge-shaped
gaps during the erection process. Using a reinforcement with
linear-elastic material behavior, a low modulus of elasticity
(50,000–100,000N/mm2), and high breaking strength (>2%),
for example, steel ropes or glass-fiber-reinforced plastic rods,
ensures that large strains in the concrete members can be
accommodated. As explained in [47], this novel building
method could be used for a large number of different doubly
curved surfaces. Because hardened concrete cannot expand
or contract much, large concrete plates can only be bent
in one direction, assuming that the used type of concrete
and the reinforcement are able to absorb the occurring
strains. Hence, developable surfaces have to be used. The
challenge for the design of these surfaces is to produce non-
overlapping representations consisting of developable singly
curved strips.

4.1. Active-Bending Lifting Pneumatic Formwork. Using
PFHC changes the application of the pneumatic formwork
from form-active to bending-active. The form of the
pneumatic formwork has no influence on the final form of
the shell. The pneumatic formwork only serves as a kind of
sealing layer. Thus, if the flat plate is produced with high
precision and all wedge-shaped gaps are closed during the
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Figure 19: Pneumatic Forming of Hardened Concrete (PFHC) construction method.
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Figure 20: Dimensions for the erection of a spherical shell (large-scale experiment).

transformation process, the resulting final structure can be
built with only minor deviations from the geometrically
optimal shape. The final form is found automatically as
the wedge-shaped gaps close. Therefore, large rotationally
asymmetric forms with positive Gaussian curvature can be
realized.

4.2. Concrete Properties. First, the flat plate is cast using con-
ventional concrete. Then, the hardened plate is transformed
into a doubly curved shell.This allows using provenmanufac-
turing techniques and ensures a high quality of the concrete,
as well as precise dimensions of the plate. As explained in
[48], the results of a large number of tensile and bending tests
on specimens with different concrete properties and different
concrete ages showed the following: the reinforcement has
a high impact and the concrete parameters have a very low
impact at the bending properties of the concrete plates. The

single but very important requirement is for the concrete
properties not to vary across the concrete plate.

4.3. Practical Applicability. In November 2012, a first pro-
totype of a concrete shell with a 13m span was built in
Amstetten, Austria, to test the feasibility of the construction
method [46]. The concrete shell with a height of 3.29m and
a diameter of 10.81m was erected from a flat plate with a
thickness of 50mm and a diameter of 13m. Figure 20 shows
the initially flat plate and the finished concrete shell. The
production of the 13m concrete shell was carried out in
different production steps.

In the very first step it was necessary to create a flat
working space for the subsequent production steps. Then,
two layers of thin foil (110 𝜇m) with a fleece as an interlayer,
serving as a lifting formwork, were placed on the flat working
space. The pneumatic wedges, used to reduce the stresses in
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Figure 21: Large-scale experiment in Austria: erection of a spherical shell using PFHC (2012).
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Figure 22: Dimensions for the erection of a free-form shell (large-scale experiment).

the foil during the transformation process, were placed onto
the two layers of foil before the formwork for the wedges was
mounted. 1200mof steel rope (diameter 5mm), used as radial
reinforcement, was fixed between a steel ring in the middle
of the plate and the outside of the formwork ring. The next
production step was to fix conventional reinforcing steel rods
(6mmdiameter), serving as constructive reinforcement, onto
the steel ropes in the tangential direction. In the last step
the concrete was cast into the formwork. After three months
of hardening, the flat concrete plate was transformed into
the finished shell structure within 8 hours by the following
process.

First, the pneumatic wedges were inflated with the aid
of a compressor. Then, the foil serving as a pneumatic

formworkwas inflated and thus lifted the entire construction.
Additionally, post-tensioning tendons, mounted at the slab
edge, were tightened with four hydraulic jacks. Subsequently,
the post-tensioning tendons were fixed in place. Finally, the
joints between the elements were filled with a mineral filler.
Figure 21 shows the flat concrete plate and the transformed
shell structure in its final state.

In spring 2014, a second prototype of a free-form shell
spanning 17.6 × 10.8m and with a height of 2.9m was built
in Vienna, Austria, to test the feasibility of the new building
method for free-form shells (Figure 22) [48].

The use of the peripheral areas of shell structures is
difficult, owing to the small height of the structure in those
areas. It can be challenging, for example, to fit furniture in
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Figure 23: Large-scale experiment in Austria: erection of a free-form concrete shell using PFHC (2014).

these spots. The shape of an ellipsoid was therefore modified
and used to create a similar structure with a different
curvature, so as to obtain a larger floor area with adequate
room height.

The “perfect” smooth geometry was discretized into a
polyhedron and split into 24 segments to allow the use of
the PFHC method. Subsequently, a polyhedral flat plate was
produced, which consisted of the previously mentioned 24
segments and 24 wedge-shaped gaps used for compensating
the compressive strains in the circumferential direction
during the transformation process from the flat plate to the
free-form shell.

The thickness of the initially flat plate was 50mm, except
for a 0.5m wide strip at the outer edges of the 24 segments,
where it was 200mm. The larger thickness at the edge of
the plate served as ballast and was necessary to allow for the
distortion of the concrete plate. Otherwise, the plate would be
lifted as a whole by the pneumatic formwork. Stainless steel
ropes with a 5mm diameter and 7 × 19 wires were selected
as reinforcement. Conventional 6mm reinforcement bars
spaced at 150mm served as transverse reinforcement in the
petal-shaped elements. A special nylon foil called Riverseal
200, produced by Rivertex, which is generally used for life
jackets, was used as the pneumatic formwork and for the
pneumatic wedges. The pneumatic formwork consisted of
two welded flat sheets of foil.

Figure 23 shows the initially flat concrete plate of the
demonstration project as well as the finished concrete shell.
The transformation process was performed within only 2
hours, after the concrete plate had been allowed to harden
for six days. After the transformation had been completed,
the post-tensioning cables were anchored and the membrane
was deflated.

5. Conclusion

Inflatable structures provide a material and labor-saving
alternative to conventional formwork systems using plywood
and framework. In this paper, a comprehensive historical
overview including the most important developments over
the past 100 years, as well as recent inventions and research
on the topic, is presented. Considering the wide field of
application, a classification of the different construction
methods into three main groups and four subgroups is

provided. The properties of the different applications of the
reviewed systems are analyzed, and the results serve as the
basis for the application of the existing pneumatic formwork
systems and for the development of new systems. Finally, a
new construction method is presented and its properties, as
well as two large-scale experiments, are described.
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In the dynamic time-history analysis of structural elastoplasticity, it is important to develop a universal mathematical model that
can describe the force-displacement characteristics for restoring force. By defining three control parameters (stiffness degradation,
slip closure 𝛾, energy degradation 𝛽), the Park restoring force mathematical model can simulate various components. In this study,
the Park restoring force has been improved by adding two control parameters (energy-based strength degradation 𝛽

𝑒
and ductility-

based strength degradation 𝛽
𝑑
). Based on the testing data, the constitutive model is input and 55 numerical models are developed

to analyze the effects of various parameters on structural behavior.Conclusion. (1) 𝛽 has determinative effect on structural behavior;
the effect of 𝛽

𝑒
is basically consistent with that of 𝛽; 𝛼 has significant effect on shear forces and bending moments; 𝛾 has significant

effect on displacements and accelerations; 𝛽
𝑑
has significant effect on shearing forces, acceleration, and total energy consumptions.

(2) Based on the classification of four types of damage level, the recommended values for 𝛼, 𝛾, 𝛽, 𝛽
𝑒
, and 𝛽

𝑑
are presented. (3)

Based on the testing data of high-strength columns, the recommended values for the five control parameters of the improved Park
restoring force model are presented.

1. Introduction

In structural seismic analysis, the mechanical responses
of materials and structural members under the action of
elastoplastic dynamic load are important [1]. And in these
elastoplastic analyses, the restoring force model is playing
the key role. Restoring force models are mathematical mod-
els established to describe restoring force and deformation
according to the simplified relation curve between restoring
force and deformation, where the most essential issue is
how to accurately define and program a mathematical model
for the restoring force in order to describe the structural
member levels in the program. Currently, the most com-
monly adopted restoring force mathematical models are
including the Polygonal Hysteretic Model (PHM) and the
Smooth Hysteretic Model (SHM) [2, 3]. For restoring force
models targeting structural member levels, mathematical
expressions are mainly created through experimental studies
on structural members, in which case sufficient preliminary
testing data are needed to establish restoring force models

through numerical fitting. When developing the program
Inelastic Damage Analysis of Reinforced Concrete (IDARC),
Park proposed the Triparameter-Park restoring force model
[4], a mathematical model for restoring force that takes
into account stiffness degradation, strength degradation,
pinching slip, and other structural effects. The model is also
subjected to the synchronous control by three parameters,
that is, the stiffness degradation-based parameter 𝛼, the
energy degradation-based parameter 𝛽, and the pinching
degradation-based parameter 𝛾.

The program IDARC adopts PHM and SHM [5] too, the
former of which is mainly used to describe the restoring
force performance of concrete structures, while the latter [6]
is applied to the simulation of the restoring force hysteretic
performance of steel structures. IDARC is a program jointly
developed by University at Buffalo, the State University of
NewYork, andTheEarthquake Engineering ResearchCenter,
which is applied for nonlinear dynamic response time-history
analysis and damage analysis in various types of structures.
The three control parameters, stiffness degradation-based
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parameter 𝛼, energy degradation-based parameter 𝛽, and
pinching degradation-based parameter 𝛾, can be employed
to determine stiffness degradation, energy degradation, and
pinching effects. In particular, when 𝛼 ⇒ ∞, 𝛽 = 0, and
𝛾 ⇒ ∞, the Clough model can be obtained [7], while when
𝛼 = 2.0, 𝛽 = 0.1, and 𝛾 ⇒ ∞, the Takeda model can
be obtained [8]. Through parameters adjustment, the model
can be also employed to simulate the T-Beam restoring force
model, the shear wall restoring forcemodel, and themasonry
structure restoring force model: with 𝛼 = 2.0, 𝛽 = 0.1, and
𝛾 = 0.5, the T-Beammodel can be stimulated [5]; with𝛼 ⇒ 0,
𝛽 ⇒ 0, and 𝛾 ⇒ ∞, the origin-oriented model can be
simulated [9]; and with 𝛼 ⇒ ∞, 𝛽 ⇒ 0, and 𝛾 ⇒ 0, the
slip restoring forcemodel can be simulated [5].Therefore, this
is a universal model that can be applied to the simulation of
various types of structural members.

The modified Park model is to be presented as follows.
Based on Clough’s and Takeda’s models, it is a new universal
PHM model established by borrowing the strength of the
Triparameter-Park restoring force model, featured by vertex-
oriented and yield-oriented behaviors. The modified Park
restoring force model also takes into account the strength
degradation due to energy dissipation and ductility, and it
leads to a five-parameter control of the restoring force math-
ematical model by introducing two additional parameters,
that is, the energy-based strength degradation parameter 𝛽

𝑒

and the ductility-based strength degradation parameter 𝛽
𝑑
. A

schematic diagram of themethodology of this paper is shown
in Scheme 1.

2. Modified Park Restoring Force Model and
Five Control Parameters

TheTriparameter-Park restoring force model is a mathemati-
cal model controlled by three parameters, that is, the stiffness
degradation parameter𝛼, the strength degradation parameter
𝛽, and the pinching degradation parameter 𝛾. The modified
Park restoring force model is controlled by five control
parameters, that is, the stiffness degradation parameter 𝛼,
the ductility-based strength degradation parameter 𝛽

𝑑
, the

energy-based strength degradation parameter 𝛽
𝑒
, the pinch-

ing degradation parameter 𝛾, and the strength degradation
parameter 𝛽.

(1) Stiffness Degradation Parameter 𝛼. It is used to control
the stiffness degradation process of the unloading segment
of the restoring force model of structural members. All the
unloading lines intersect in opposite directions at one point
with vertical coordinate (𝑦-axis) 𝛼𝑀

𝑦
:

𝑅
+

𝐾
=

𝑀cur + 𝛼𝑀
𝑦

𝐾
0
0cur + 𝛼𝑀

𝑦

, (1)

𝐾cur = 𝑅
𝐾
𝐾
0
, (2)

𝐾cur =
𝑀cur + 𝛼𝑀

𝑦

𝐾
0
0cur + 𝛼𝑀

𝑦

𝐾
0
. (3)

𝑀cur is current moment; 0cur is current curvature; 𝑅
𝐾

is
stiffness degradation factor;𝐾

0
is initial elastic stiffness;𝐾cur
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is current stiffness (wherein, when (𝑀cur, 0cur) is on the right
side of the elastic segment,𝑀

𝑦
= 𝑀
+

𝑦
; when (𝑀cur, 0cur) is on

the left side of the elastic segment, 𝑀
𝑦
= 𝑀
−

𝑦
); 𝛼 is stiffness

degradation parameter, with a value range of 𝛼 ∈ (200.0, 0.0).

(2) Energy Degradation Parameter 𝛽. It is used to set the ratio
between the damage increment caused by the increment of
themaximumdisplacement response 𝑑𝛿

𝑚
/𝛿
𝑢
and by the nor-

malized hysteretic energy dissipation increment 𝑑𝐸/𝛿
𝑢
𝑄
𝑦
.

Park et al. [4] defined an energy degradation parameter
when programming the restoring force model of IDARC,
and they also adopted this parameter 𝛽 in the subsequent
energy-deformation two-parameter damage model used for
the calculation of structural damage [10]:

𝛽 =
𝑑𝛿
𝑚
/𝛿
𝑢

𝑑𝐸/𝛿
𝑢
𝑄
𝑦

=
𝑑𝛿
𝑚

𝑑𝐸/𝑄
𝑦

,

𝛽 = (−0.447 + 0.037
𝑙

𝑑
+ 0.24𝑛

0
+ 0.314𝜌

𝑡
) × 0.7

𝜌
𝑤 .

(4)

𝑑𝛿
𝑚
is increment of the maximum displacement; 𝛿

𝑢
is

ultimate displacement; 𝑑𝐸 is hysteretic energy dissipation
increment; 𝑄

𝑦
is yield strength; 𝑙/𝑑 is shear-span ratio; 𝑛

0

is axial compression ratio; 𝜌
𝑡
is longitudinal reinforcement

ratio; 𝜌
𝑤
is stirrup ratio.

The modified Park restoring force model, as introduced,
adopts themathematical forms of the ductility-based strength
degradation parameter 𝛽

𝑑
and the energy-based strength

degradation parameter 𝛽
𝑒
. The parameters in the literature

[5, 11], based on the definitions of energy degradation param-
eters, are used to describe the strength degradation process
of structural members caused by different factors, such as
energy dissipation and ductility.The parameter𝛽 is employed
to define 𝛽

𝑑
and 𝛽

𝑒
, based on two types of restoring force

hysteretic curve rules:

𝑀
+/−

𝑦
= 𝑀
+/−

𝑦0

[

[

1 − (
0
+/−

max

0
+/−

𝑢

)

1/𝛽
𝑑

]

]

[1 −
𝛽
𝑒

1 − 𝛽
𝑒

𝐻

𝐻ult
] ,

Δ𝐻 = [
𝑀 + (𝑀 + Δ𝑀)

2
](Δ0 −

Δ𝑀

𝑅
𝐾
𝐾
0

) .

(5)

𝛽
𝑑
is ductility-based strength degradation parameter; 𝛽

𝑒

is energy-based strength degradation parameter (wherein,
the presence of the term 𝛽

𝑑
represents the strength degrada-

tion of deformation and ductility increment, and the presence
of the term 𝛽

𝑒
represents the strength degradation of hys-

teretic energy dissipation, and Δ𝐻 represents the hysteretic
energy dissipation increment); 𝑀+/−

𝑦
is positive or negative

yield moment; 𝑀
+/−

𝑦0
is initial positive or negative yield

moment; 0+/−max is positive or negative maximum curvature;
0
+/−

𝑢
is positive or negative ultimate curvature;𝑀 is moment;

Δ𝑀 is moment increment;𝐻 is hysteretic energy dissipation;
𝐻ult is hysteretic energy dissipation of monotonic load under
nondegraded ultimate curvature, with value ranges of 𝛽

𝑒
∈

(0.0, 0.6) and 𝛽
𝑑
∈ (0.0, 0.6).

(3) Gap Closure Slip Degradation Parameter 𝛾. It is introduced
to describe the typical effects of fracture opening and closure,
crack closure and bond slip caused by slip and pinching,
and so forth. Slip is a phenomenon in which simulation is
adopted, as the target point of loading for the crack closure
point and the toward point of the loading force is a partial
value of the yieldmoment, with a value range of 𝛾 ∈ (1.0, 0.0):

𝑀
𝛾
= 𝛾𝑀

𝑦
,

0𝛾 = 𝛾0
𝛾𝑦

+ (1 − 𝛾) 0
𝛾𝑢
.

(6)

𝑀
𝑦
is yield moment; 0

𝑢
is ultimate curvature; 𝑀

𝛾
is

moment caused by slip and pinching; 0
𝛾
is curvature caused

by slip and pinching; 0
𝛾𝑦

is yield curvature caused by slip
and pinching; 0

𝛾𝑢
is ultimate curvature caused by slip and

pinching.

3. Control Parameter Analysis of the Modified
Park Restoring Force Model

The modified Park restoring force model, based on different
valuationmethods for 𝛼, 𝛽, and 𝛾, is able to simulate different
structural member characteristics, such as the Cloughmodel,
the Takeda model, the origin-oriented model, and the slip
model. This model has relatively high universality when
it comes to mathematical models describing the restoring
force, so that it applies to universally describe the different
restoring force models and to establish the relation between
generalized force and generalized displacement in the elasto-
plastic dynamic time-history analyses of different structures.
The modified Park model provides four control parameters
to describe the constitutive relation, which is incomparable
to other typical restoring force models. In the comparison
carried out, the Smooth model [3] shows an advantage
in terms of reducing calculation loops in the synchronous
processing of motion equations, but it only applies to the
description of state space.

(1) Stiffness Degradation Parameter 𝛼. It is used to describe
the degree of stiffness degradation, and its value variations
describe the degree of stiffness degradation of the restoring
force in the hysteretic process in four ranges; in the value
range of (0∼200), 𝛼 can satisfy the simulation of the restoring
force performance of conventional structuralmembers. Some
studies have adopted the stiffness degradation parameter 𝛼
to distinguish between bent members and shear members
or to reach the conclusion that it exerts no influence on the
strength or stiffness of structural members. There has been
no systematic study devoted to quantitatively exploring the
degree of influence of stiffness degradation parameter 𝛼.

(2) Fracture Slip Closure Parameter 𝛾. It is used to describe
the degree of fracture slip closure of the restoring force of
structural members in the hysteretic process in four ranges;
in the value range of (0∼1.0), 𝛾 can satisfy the simulation of
the restoring force performance of conventional structural
members. There has been no systematic study devoted to
quantitatively exploring the degree of influence of fracture
slip closure parameter 𝛾.
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(3) Energy Degradation Parameter 𝛽. A fitted expression
of 𝛽 is given in studies on the Park deformation-energy
dissipation two-parameter damage model. The expressions
of parameters 𝛿

𝑢
and 𝛽 are obtained through the fitting

analysis of the test data of 402 rectangular-section concrete
columns and 132 H-section steel columns [12]. In a study
conducted in 2013, Rajabi et al. [13] proposed that the value of
𝛽 should be set at 0.27 based on probability, with a standard
deviation of 0.6, and they claimed that putting forward the
fitted formula in the value range of (0.1–0.6) in the program
would make it more applicable to the simulation of the
structural members tested. Through some tests, the study
[14] has obtained the expression of 𝛽; Chinese scholars [15]
have also conducted some studies on energy parameter-based
valuations. In the technical report of IDARC 7.0 [5], the value
range of 𝛽 is (0∼0.6). With the constant increase of both the
experimental reinforcement ratio of concrete columns and
the strength of concrete, in the latest structural test of the
studying team [16], the deficiencies of energy degradation
parameter 𝛽 have been constantly verified by structural tests.
However, to obtain the fitted and universal expression of 𝛽,
the different tests and systematic studies and analyses are
necessary. When the parameter 𝛽 adopts the ductility-based
strength degradation parameter 𝛽

𝑑
and the energy-based

strength degradation parameter 𝛽
𝑒
, the restoring force model

and damage evaluation are better described.
Nevertheless, it is necessary to analyze the influence

of the parameters on internal forces of structural mem-
bers (shear and moment ratio), structural responses (dis-
placement and acceleration values), and structural damage
(structural energy dissipation and damage value) and the
influence of the values of energy degradation 𝛽

𝑑
and 𝛽

𝑒
on

internal forces of structural members, structural responses,
and structural damage.

4. Simulation Analysis of Test and
Numerical Model

4.1. Test Data of the Numerical Model. Based on the testing
data obtained in the preliminary stage, a test was conducted
on the seismic performance of HRB400 high-strength con-
crete columns, and a nonlinear analysis was carried out in
quasistatic loading of structural members.The test is detailed
in the reference papers of Lin and Wang [17]. Tables 1 and
2 provide the main test data of structural members and
the measured data of concrete and reinforcement materials.
IDARC preprocessor was adopted to set model parameters,
and El Centro seismic wave was selected from the PEER
Strong Motion Database. In the preliminary work done by
Lin and Wang [18], IDARC program employed test data
to conduct numerical simulation verification, the results of
which revealed the feasibility of applying IDARC program
to the damage analysis and evaluation of high-performance
concrete structures.

4.2. Test Data of the Numerical Model

(1) Constitutive Relation of Concrete. The concrete, to adopt
an unrestricted constitutive model, exploits the Kent-Park

constitutive model [19] modified by Scott et al. [20], consist-
ing of an ascending segment and a descending segment:

𝜎
−

= 𝐾𝑓
𝑐

[

[

2(
𝜀
−

𝜀−
𝑝

) − (
𝜀
−

𝜀−
𝑝

)

2

]

]

, 𝜀
−

≤ 𝜀
−

𝑝
,

𝜎
−

= 𝐾𝑓
𝑐
[1 − 𝑍 (𝜀

−

− 𝜀
−

𝑝
)] ≥ 0.2𝐾𝑓

𝑐
, 𝜀
−

𝑝
≤ 𝜀
−

≤ 𝜀
−

𝑢
,

𝜀
−

𝑝
= 0.002𝐾, 𝐾 = 1 +

𝜌
𝑠
𝑓
𝑦ℎ

𝑓
𝑐

,

𝑍

=
0.5

(3 + 0.29𝑓
𝑐
) / (145𝑓

𝑐
− 1000) + 0.75𝜌

𝑠
√ℎ/𝑠

ℎ
− 𝜀−
𝑝

.

(7)

𝜀
−

𝑝
represents the strain corresponding to the stress

peak; 𝐾 represents the strength enhancement coefficient of
concrete under the confinement of stirrups; 𝑍 represents
the strain softening angle of concrete; 𝑓

𝑐
represents the

compressive strength of concrete; 𝑓
𝑦ℎ

represents the stirrup
yield strength; 𝜌

𝑠
represents the ratio between the stirrup

volume and the core concrete volume; 𝑠
ℎ
represents the

stirrup spacing. The numerical model values in the program
are 𝜀
−

𝑝
= 0.203%, 𝑓

𝑐
= 53MPa, 𝑓

𝑦ℎ
= 390MPa, and 𝑠

ℎ
=

150mm; for other values refer to the test data in Tables 1
and 2, while the Default value of 𝑍 is calculated based on the
program.

(2) Constitutive Relation of Reinforcement. The reinforcement
adopts the ideal elastoplastic constitutivemodel, without tak-
ing into account the stress growth caused by strain hardening:

𝜎
𝑠
= 𝐸
𝑠
⋅ 𝜀
𝑠
; 0 ≤ 𝜀

𝑠
≤ 𝜀
𝑠𝑦
,

𝜎
𝑠
= 𝑓
𝑦
; 𝜀
𝑠𝑦
< 𝜀
𝑠
≤ 𝜀
𝑠0
,

𝜎
𝑠
= 𝑓
𝑦
+ 𝐸
𝑝

𝑠
⋅ (𝜀 − 𝜀

0
) ;

𝐸
𝑝

𝑠
= 0.025𝐸

𝑠
, 𝜀
𝑠0
< 𝜀
𝑠
≤ 𝜀
𝑠𝑢
,

𝜎
𝑠
= 0; 𝜀

𝑠𝑢
< 𝜀
𝑠
.

(8)

𝜀
𝑠
represents the reinforcement strain; 𝜎

𝑠
represents the

reinforcement stress; 𝐸
𝑠
represents the elastic modulus of

reinforcement;𝑓
𝑦
represents the yield stress of reinforcement;

𝐸
𝑝

𝑠
represents the equivalent elasticmodulus of strengthening

stage; 𝜀
𝑠0

represents the strain of strengthening stage; 𝜀
𝑠𝑢

represents the ultimate strain of reinforcement. Numerical
model values are 𝜀

𝑠𝑦
= 3% and hardening segment of rein-

forcement 𝐸𝑝
𝑠
= 3416MPa; for other values refer to the test

data in Tables 1 and 2.

4.3. Numerical Modeling. The constitutive relation was
implemented based on test results in the preliminary stage
[16], and the IDARC was adopted to conduct an elastoplastic
dynamic time-history analysis on the test pieces. Program-
ming different restoring force model control parameters,
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Table 1: Main information of test components in structural test.

Designed concrete
strength grade

Axial compression ratio
𝑛 = 𝑁/𝑓

𝑐𝑘𝑏ℎ

Longitudinal
reinforcement Stirrup Shear-span ratio

𝜆 = 𝐻/ℎ
0

Longitudinal
reinforcement ratio

𝜌
𝑠V

Stirrup ratio
𝜌
𝑠V

C60 0.20 4 25 �10@150 1.9 3.70% 0.269%

Table 2: Measured material performance data of test piece.

Elastic modulus
𝐸
𝑠
(GPa)

Yield strength
𝑓
𝑦
(MPa)

Yield strain
𝜀
𝑦
(𝜇𝜀)

Ultimate tensile strength
𝑓
𝑏
(MPa) 𝑓cu (MPa) 𝑓

𝑐
(MPa) 𝑓

𝑡
(MPa)

202 450 2233 585 67.1 53 3.47
Note: 𝐸

𝑠
: elastic modulus of reinforcement; 𝑓

𝑦
: yield strength of reinforcement; 𝜀

𝑦
: yield strain of reinforcement; 𝑓

𝑏
: ultimate tensile strength of reinforcement.

𝑓cu: cubic compressive strength of concrete. 𝑓
𝑐
: axial compressive strength of concrete. 𝑓

𝑡
: compressive strength of concrete. 𝜇𝜀: 10−6 strain.

shear, moment ratio, displacement response, acceleration
response, structural total energy dissipation, and structural
cumulative damage value of high-performance columns
under different parameter levels were obtained.The influence
of different parameter levels on the above six structural
responses was also analyzed. After establishing a total of 55
models, the data of the first three groups, that is, (1)–(3),
were adopted to comparatively analyze the relations between
the energy degradation parameter 𝛽 on one hand and the
stiffness degradation parameter𝛼 and the fracture slip closure
parameter 𝛾 on the other hand, while the data of the last three
groups, that is, (3)-(4), were adopted to comparatively analyze
the relations between the energy degradation parameter 𝛽

on one hand and the ductility-based strength degradation
parameter 𝛽

𝑑
and the energy-based strength degradation

parameter 𝛽
𝑒
on the other hand.

(1) Stiffness Degradation Parameter 𝛼. 𝛼 was given a total
of 11 independent parameter controlled variables, that is,
200, 135, 91, 62, 42, 28, 19, 13, 9, 6 and 4; the fracture slip
pinching parameter 𝛾 was set at its Default value, and the
energy degradation parameter 𝛽 was also set at its Default
value (numbered as 𝛼

1
∼𝛼
11
, a total of 11 models). For the

convenience of comparative expression in the same range,
𝛼 was provided with normalization processing, so that 𝛼 ∈

(1.0, 0.0).

(2) Slip Pinching Parameter 𝛾. 𝛾 was given a total of 11
independent parameter variables, that is, 1.0, 0.91, 0.81, 0.72,
0.62, 0.53, 0.43, 0.34, 0.24, 0.15, and 0.05; the stiffness
degradation parameter 𝛼 was set at its Default value, and the
energy degradation parameter 𝛽 was also set at its Default
value (numbered as 𝛾

1
∼𝛾
11
, a total of 11models). A value range

was given to ensure that 𝛾 ∈ (1.0, 0.0).

(3) Energy Degradation Parameter 𝛽. 𝛽 was given a total of
11 independent parameter variables, that is, 0.01, 0.07, 0.13,
0.19, 0.25, 0.31, 0.36, 0.42, 0.48, 0.54, and 0.60; the stiffness
degradation parameter 𝛼 was set at its Default value, and
the slip pinching parameter 𝛾 was also set at its Default
value (numbered as 𝛽

1
∼𝛽
11
, a total of 11 models). For the

convenience of comparative expression in the same range,

𝛽 was provided with normalization processing, so that 𝛽 ∈

(0.0, 1.0).

(4) Ductility-Based Strength Degradation Parameter 𝛽
𝑑
. 𝛽
𝑑

was given a total of 11 independent parameter variables, that
is, 0.01, 0.07, 0.13, 0.19, 0.25, 0.31, 0.36, 0.42, 0.48, 0.54, and
0.60; 𝛽

𝑒
= 0.01, 𝛼 = 200, and 𝛾 = 1.0 (numbered as 𝛽

𝑑1
∼𝛽
𝑑11

,
a total of 11 models). 𝛽

𝑑
was provided with normalization

processing, so that 𝛽
𝑑
∈ (0.0, 1.0).

(5) Energy-Based Strength Degradation Parameter 𝛽
𝑒
. 𝛽
𝑒
was

given a total of 11 independent parameter variables, that is,
0.01, 0.07, 0.13, 0.19, 0.25, 0.31, 0.36, 0.42, 0.48, 0.54, and 0.60;
𝛽
𝑑
= 0.01, 𝛼 = 200, and 𝛾 = 1.0 (numbered as 𝛽

𝑒1
∼𝛽
𝑒11

,
a total of 11 models). 𝛽

𝑒
was provided with normalization

processing, so that 𝛽
𝑒
∈ (0.0, 1.0).

5. Analysis of Influence of Control Parameters
on Structural Responses and Damage

After performing elastoplastic dynamic time-history analyses
on the 55 numerical models established, the results are
analyzed and summarized in the following paragraphs.

5.1. Analysis of Influence of Control Parameters 𝛼, 𝛽, and 𝛾 on
Structural Responses and Damage. As depicted in Figure 1,
there are the influences on various main structural responses
of the numerical model due to varying values of the energy
degradation-based parameter 𝛽, of the stiffness degradation-
based parameter 𝛼, and of the fracture slip closure parameter
𝛾. The influences are also listed out for different value ranges
of parameters 𝛼, 𝛽, and 𝛾, in Tables 3, 4, and 5, respectively.

↑↑↑ means significantly increased; ↑↑ means obviously
increased; ↑ means slightly increased; → means slightly
unchanged.

↓ means slightly decreased; ↓↓ means obviously
decreased; ↓↓↓ means significantly decreased; ∼ means
slightly fluctuated.

5.1.1. Influence Analysis of Stiffness Degradation Parameter 𝛼.
See Table 3.
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Figure 1: Influence on main structural responses of the numerical model by varying values of energy degradation parameter 𝛽, stiffness
degradation parameter 𝛼, and fracture slip closure parameter 𝛾. Note: for the convenience of comparative expression of various parameters
in the same range, normalization processing was provided here, so that the stiffness degradation parameter 𝛼 ∈ (1.0, 0.0) and the energy
degradation parameter 𝛽 ∈ (0.0, 1.0).
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Table 3: Analytical table of the influence of varying stiffness degradation parameter 𝛼 on structural responses and damage.

Range of control
parameter 𝛼

Shear force
(kN)

Moment
ratio Displacement (mm) Acceleration (mm/s2) Total energy

dissipation (kN⋅m)
Total damage

value
𝛼 ∈ (200∼62) → → → → ∼ ∼

𝛼 ∈ (62∼28) ↓ ↑ ↓ ↑ ↓ ↓

𝛼 ∈ (28∼19) ↓ ↑↑ ↓ ↑ → →

𝛼 ∈ (19∼9) ↓ ↑↑ ↑↑ ↓ → →

𝛼 ∈ (9∼4) ↑ ↑↑ ↑↑↑ ↓↓↓ ↓↓↓ ↑↑↑

Table 4: Analytical table of the influence of varying closure slip degradation parameter 𝛾 on structural responses and damage.

Range of control
parameter 𝛾

Shear
force (kN)

Moment
ratio Displacement (mm) Acceleration (mm/s2) Total energy dissipation

(kN⋅m)
Total damage

value
𝛾 ∈ (1.0∼0.62) → → → → ∼ ↑

𝛾 ∈ (0.62∼0.34) ↓ → ↑ ↑ ↓ ↑↑↑

𝛾 ∈ (0.34∼0.15) ↓↓ ↑↑ ∼ ↑↑ ↓ ↑↑

𝛾 ∈ (0.15∼0.05) ↓↓↓ ↑↑↑ ↓↓↓ ↑↑↑ ↑↑↑ ↑

Table 5: Analytical table of the influence of varying energy degradation-based parameter 𝛽 on structural responses and damage.

Range of control
parameter 𝛽

Shear force
(kN)

Moment
ratio Displacement (mm) Acceleration (mm/s2) Total energy dissipation

(kN⋅m)
Total damage

value
𝛽 ∈ (0.01∼0.13) ↓ ↓ ∼ ∼ ∼ ↑

𝛽 ∈ (0.13∼0.36) ↓ ↓ ∼ ↓ ↓ ↑↑

𝛽 ∈ (0.36∼0.48) ↓↓ ↓↓ ↑↑ ↓↓ ↑↑ ↑↑

𝛽 ∈ (0.48∼0.60) ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↑ ↑↑

5.1.2. Influence Analysis of Closure Slip Degradation Parameter
𝛾. See Table 4.

5.1.3. Influence Analysis of Energy Degradation Parameter 𝛽.
See Table 5 and Figure 1.

5.2. Analysis of Influence of Control Parameters 𝛽, 𝛽
𝑒
, and

𝛽
𝑑
on Structural Responses and Damage. Depicted in Fig-

ure 2 there are the influences on various main structural
responses of the numerical model due to varying values of
the energy degradation-based parameter 𝛽, of the ductility-
based strength degradation parameter 𝛽

𝑑
, and of the energy-

based strength degradation parameter 𝛽
𝑒
. The influences are

also listed out for different value ranges of parameters 𝛽
𝑒
and

𝛽
𝑑
in Tables 6 and 7, respectively.

5.2.1. Influence Analysis of Energy Degradation Parameter 𝛽.
The analysis results were the same with those provided in
Section 5.1.3.

5.2.2. InfluenceAnalysis of EnergyDegradation-Based Strength
Degradation Parameter 𝛽

𝑒
. See Table 6.

5.2.3. InfluenceAnalysis of EnergyDegradation-Based Strength
Degradation Parameter 𝛽

𝑑
. See Table 7 and Figure 2.

5.3. Analysis of the Influence of Restoring Force Model
Parameters on Structural Performance. Based on both the

comparative analysis of the energy degradation parame-
ter 𝛽, the stiffness degradation parameter 𝛼 and the slip
closure parameter 𝛾, and the comparative analysis of the
energy degradation parameter 𝛽, the ductility-based strength
degradation parameter 𝛽

𝑑
, and the energy-based strength

degradation parameter 𝛽
𝑒
, the degrees of influence of the

various parameters on the main structural performance are
summarized and the results of the evaluation and analysis are
shown in Table 8.Meanwhile, on the basis of a comprehensive
analysis of the influence of various parameters on structural
responses in their variation process, value ranges are cate-
gorized into four grades (i.e., Default, Mild, Moderate, and
Severe) for the five control parameters, as shown in Table 9.

After all, by the parameters values of stiffness degradation
parameter 𝛼 = 9.0, slip closure parameter 𝛾 = 0.15, energy
degradation parameter 𝛽 = 0.54, energy-based strength
degradation parameter 𝛽

𝑒
= 0.54, and ductility-based

strength degradation parameter 𝛽
𝑑

= 0.48, the obtained
hysteretic restoring force curve and the damage evaluation of
the structural members have the closest results to that of the
high-performance structural member test.

6. Conclusions

Through studies on the most essential restoring force model
within the elastoplastic dynamic time-history analysis, this
paper comments on the five control parameters of the
modified Park restoring model and adopts the preliminary
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Figure 2: Influence on main structural responses of the numerical model by varying values of energy degradation parameter 𝛽, ductility-
based strength degradation parameter 𝛽

𝑑
, and energy-based strength degradation parameter 𝛽

𝑒
. Note: for the convenience of comparative

expression of various parameters in the same range, normalization processing was provided here, so that energy degradation parameters
𝛽𝛽
𝑑
𝛽
𝑒
∈ (0.0, 1.0).
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Table 6: Analytical table of the influence of varying energy-based strength degradation parameter 𝛽
𝑒
on structural responses and damage.

Range of control
parameter 𝛽

𝑒

Shear force
(kN)

Moment
ratio Displacement (mm) Acceleration (mm/s2) Total energy dissipation

(kN⋅m)
Total damage

value
𝛽
𝑒
∈ (0.01∼0.13) ↓ ↓ ∼ ∼ ↓ ↑

𝛽
𝑒
∈ (0.13∼0.36) ↓ ↓ ↑ ↓ ∼ ↑

𝛽
𝑒
∈ (0.36∼0.48) ↓ ↓↓ ↑ ↓↓ ∼ ∼

𝛽
𝑒
∈ (0.48∼0.60) ↓↓ ↓↓ ↑ ↓↓↓ ↑↑↑ ∼

Table 7: Analytical table of the influence of varying ductility-based strength degradation parameter 𝛽
𝑑
on structural responses and damage.

Range of control
parameter 𝛽

𝑑

Shear force
(kN)

Moment
ratio Displacement (mm) Acceleration (mm/s2) Total energy dissipation

(kN⋅m)
Total damage

value
𝛽
𝑑
∈ (0.01∼0.13) ∼ ∼ ∼ ∼ ∼ ∼

𝛽
𝑑
∈ (0.13∼0.36) ↓ ↓ ↓ ↓ ↓↓ ↓

𝛽
𝑑
∈ (0.36∼0.48) ↓ ↓ ↓↓ ↓↓ ↑↑↑ ↓

𝛽
𝑑
∈ (0.48∼0.60) ↓↓ ↓↓ ↓ ↓↓ ↓↓ ∼

Table 8: Influence of the five control parameters of the modified Park restoring force model on structural responses.

Control parameter Shear value
(kN)

Moment
ratio Displacement (mm) Acceleration (mm/s2) Total energy

dissipation (kN⋅m)
Total damage

value
Stiffness degradation
parameter 𝛼 ‰‰ ‰‰ ‰ ‰ ‰‰ ‰

Slip or fracture closure
parameter 𝛾 ‰ ‰ ‰‰ ‰‰ ‰ ‰

Energy degradation
parameter 𝛽 ‰‰‰ ‰‰‰ ‰‰‰ ‰‰‰ ‰‰‰ ‰‰‰

Energy-based strength
degradation parameter 𝛽

𝑒

‰‰‰ ‰‰‰ ‰‰‰ ‰‰‰ ‰‰‰ ‰‰‰

Ductility-based strength
degradation parameter 𝛽

𝑑

‰‰ ‰ ‰ ‰‰ ‰‰‰ f

Note: “‰‰‰”: relatively significant influence; “‰‰”: moderate influence; “‰”: relatively insignificant influence; “f”: no or little influence.

Table 9: Value ranges proposed for the five control parameters of the modified Park restoring force model.

Control parameter Default Mild Moderate Severe
Stiffness degradation
parameter 𝛼 𝛼 ∈ (200∼62) 𝛼 ∈ (62∼28) 𝛼 ∈ (28∼9) 𝛼 ∈ (9∼4)

Slip or fracture closure
parameter 𝛾 𝛾 ∈ (1.0∼0.62) 𝛾 ∈ (0.62∼0.34) 𝛾 ∈ (0.34∼0.15) 𝛾 ∈ (0.15∼0.05)

Energy degradation
parameter 𝛽 𝛽 ∈ (0.01∼0.13) 𝛽 ∈ (0.13∼0.36) 𝛽 ∈ (0.36∼0.48) 𝛽 ∈ (0.48∼0.60)

Energy-based strength
degradation parameter 𝛽

𝑒

𝛽
𝑒
∈ (0.01∼0.13) 𝛽

𝑒
∈ (0.13∼0.36) 𝛽

𝑒
∈ (0.36∼0.48) 𝛽

𝑒
∈ (0.48∼0.60)

Ductility-based strength
degradation parameter 𝛽

𝑑

𝛽
𝑑
∈ (0.01∼0.13) 𝛽

𝑑
∈ (0.13∼0.36) 𝛽

𝑑
∈ (0.36∼0.48) 𝛽

𝑑
∈ (0.48∼0.60)

quasistatic test data to analyze the influence of these five
parameters on the structural performances of high-strength
concrete column members, such as shear value, moment
value ratio, displacement value, acceleration value, total
energy dissipation, and total damage value.

The results of the study indicates that the energy degra-
dation parameter 𝛽 exerts an essential control effect on

the main performances of structural members; the energy-
based strength degradation parameter 𝛽

𝑒
exerts a degree

of influence consistent with 𝛽; the stiffness degradation
parameter 𝛼 relatively significantly influences the shear
value and moment value of structural members; the slip
or fracture closure parameter 𝛾 relatively significantly influ-
ences their displacement and acceleration response; and the
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ductility-based strength degradation parameter 𝛽
𝑑
relatively

obviously influences their shear value, moment value, and
total energy dissipation.

At the end, on the basis of a comprehensive analysis of
the influence of various parameters on structural responses in
their variation process, value ranges are categorized into four
grades (i.e., Default, Mild, Moderate, and Severe) for the five
control parameters as shown in Table 9. Considering also the
quasistatic test of high-performance columns, it proposed the
value ranges of the five control parameters, that is, stiffness
degradation parameter 6 ≤ 𝛼 ≤ 9, slip closure parameter
0.15 ≤ 𝛾 ≤ 0.05, energy degradation parameter 0.54 ≤

𝛽 ≤ 0.60, energy-based strength degradation parameter
0.54 ≤ 𝛽

𝑒
≤ 0.60, and ductility-based strength degradation

parameter 0.48 ≤ 𝛽
𝑑
≤ 0.54.
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Copyright © 2016 Meijuan Rao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Cement-basedmaterials were investigated by comparing the strength andmicrostructure of pastes andmortar containing limestone
powder or low quality fly ash. The compressive strength of the mortar at 28 and 90 d was examined whose microstructures
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis, and differential
thermal analysis (TG-DTA). The results indicated that the strength of mortar decreased with increasing mineral admixtures. The
limestone powder mainly acted as inert filler and hardly took part in the chemical reaction. Low quality fly ash may accelerate the
formation of hydration products in samples with more chemically bonded water.This further resulted in a higher degree of cement
hydration and denser microstructure, while the overall heat of hydration was reduced. At the early stage of hydration, low quality
fly ash can be considered as an inert material whereas its reactivity at the later stage became high, especially for ground low quality
fly ash.

1. Introduction

Cement is widely used in the production of concrete with
its annual consumption close to 2 billion tons [1–3]. The
production of cement itself however is quite energy-intensive
and responsible for large quantities of CO

2
emissions. In

addition, the high amount of alkali in cement might cause
cracks in the structure of concrete [4]. As one of the solutions
to these, nowadays many mineral admixtures have been used
as supplementary cementitious materials (SCMs) [5, 6] to
reduce the amount of cement clinker, with other excellent
properties such as reduced heat of hydration and improved
durability of concrete.

Mineral admixtures can be divided into cementitious
materials, pozzolanic active materials, and inert materials
according to their chemical activities [7]. Some studies have
shown that the inert mineral admixture can enhance the
properties of concrete in terms of strength, frost resistance,
and so forth [8–11]. This is mainly due to the dilution effect
of the inert mineral admixture on cement [11]. It has been
reported that equivalent amount of low active or inertmineral

admixture exhibited no difference in the early hydration of
cementitious materials [12, 13]. Recently, limestone powder
has been applied widely in construction engineering as a
new type of concrete admixture [14–16]. The particle size
distribution and fineness of limestone powder are similar to
those of fly ash, both of which have physical activity, morpho-
logical effect, and filling effect. The use of limestone powder
as admixture in concrete leads to a better accumulation effect
in cement particle skeleton and offers crystalline nucleus
to the formation of calcium hydroxide (CH) and calcium
silicate hydrate (C-S-H) gel. These synergistic effects can
accelerate the process of cement hydration. It is traditionally
believed that limestone powder is an inert admixture with
high fineness which may be applied in concrete to make up
composite cementitiousmaterial system that gives full play to
its microaggregate effect [17–19]. Fly ash is used in concrete
in the building material industry, construction engineering,
and road engineering accounts for about 90% of its overall
use [20, 21]. Although the progress in fly ash utilization is
at the forefront compared to some developed countries, the
utilization level is still very low. Research in fly ash is mainly
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Table 1: Chemical composition of cement, low quality fly ash, and limestone powder/mass, %.

Compositions SiO
2

Fe
2
O
3

Al
2
O
3

CaO MgO K
2
O Na

2
O SO

3
LOI

Cement 23.61 3.44 4.06 59.59 2.51 0.86 0.19 — 3.00
Low quality FA 53.41 4.28 25.79 2.60 2.79 1.38 0.42 0.3 3.67
Limestone powder 1.79 0.35 0.56 54.69 0.40 0.14 — 0.03 41.93

Table 2: Physical properties of mineral admixtures.

Test item Residue on sieve of 45𝜇m/% Water requirement/% Specific area/m2⋅kg−1 Density/kg⋅m−3

Cement — — 437 3010
Limestone powder 16.0 98.0 780 2670
Raw fly ash 49.8 99.6 278 1880
Ground fly ash 19.7 100.4 794 2340

focused on its physical and chemical properties, but few
studies have reported low quality fly ash. In order to promote
further use of fly ash, it is therefore critical to say something
here about the significance of this work.

In this paper, a comparative system was for the first time
established to assess the impacts of limestone powder as an
inertia mineral admixture and fly ash as a low active mineral
admixture on the strength and microstructure of cement-
based materials. This is of great significance in improving
the level of low quality fly ash utilization, thereby conserving
resources and protecting the environment.

2. Experimental

2.1. Raw Materials. Ordinary Portland cement P.O 42.5 is
supplied by Huaxin Cement Plant. Low quality fly ash is sup-
plied by Guanyinyan Hydropower Project. Table 1 shows the
chemical compositions of the cement, fly ash, and limestone
powder determined by X-ray Fluorescence (XRF).

Figure 1 is the particlemorphology of raw ash and ground
ash.The raw low quality fly ash particle is coarse and irregular
and its sieve residue of 45 𝜇m reaches as high as 49.8%.
The particle microstructure was significantly improved to
be smaller and uniform after grinding. Table 2 presents the
physical properties of the admixtures. Water demand for the
raw fly ash is so high, because there is less free water in raw
ash; on the other hand, there are more coarse pore carbon
particle in raw ash.

Particle sizes of cement, limestone, raw ash, and ground
fly ash were analyzed by OMEC lazer particle size analyzer
LS-C (III) and Figure 2 shows the cumulative diameter
percentage and the differential curve. It can be seen that the
particle size distributions of limestone powder and cement
were very similar with the former being slightly smaller.

2.2. Testing Methods. The quantitative analysis of the influ-
ence of limestone powder and low quality fly ash on the
strength and microstructure of cement-based materials was
based on the comparison of pure cement paste with the
content of 20%, 40%, and 60%. Water-binder ratio is 0.5.
Table 3 lists the paste mix proportions.

Table 3:Mix proportion of composite cementitiousmaterials/mass,
%.

Sample Cement Limestone
powder Raw fly ash Ground fly ash

C 100 — — —
L2 80 20 — —
L4 60 40 — —
L6 40 60 — —
R2 80 — 20 —
R4 60 — 40 —
R6 40 — 60 —
G2 80 — — 20
G4 60 — — 40
G6 40 — — 60

Paste specimens with 40mm × 40mm × 40mm dimen-
sions and a 0.4-water-binder ratio (W/C) were molded and
cured with higher than 90% relative humidity and 20 ± 2∘C
temperature until the stipulated age of 3, 7, 28, and 90 days.
Determining the compressive strength of mortar specimens
of different ages was conducted by WAY-2000 (i.e., a battery
solution type compressive testing machine). Clean, bean-size
samples were taken from the center of broken specimens and
packed into ampere bottles filled up with absolute ethanol to
terminate the hydration process before the XRD, TG-DTA,
and SEMmicrocosmic analysis. Sample pieces were held in a
dry environment at 60∘C for 2 or 3 hours before SEM tests.
The other samples were ground in an agate mortar and dried
at 60∘C for 2 hours to reduce carbonation before the XRD test
and then dried in vacuum condition before the TG-DTA test.

The XRD analysis was made by X-ray diffraction, using
a copper target and a continuous scan machine produced
by RIGAKU, a Japanese company. The TG-DTA in an
N2-atmosphere up to a temperature of 1200∘C adopted
the diamond TG/DTA analysis produced by Perkin Elmer
Instruments Plant, and the morphology of the products was
investigated using a scanning electron microscopy (JSM-
5610LV, Japan).
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Raw ash Ground ash

Figure 1: Particle morphology of raw ash and ground ash.
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Figure 2: (a) Differential and (b) cumulative particle size distribution of the cementitious materials.
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Figure 3: Compressive strength of mortars with water-binder ratio
of 0.5.

3. Results and Discussion

3.1. Strength. Figures 3 and 4 present the compressive
strength of mortar at different water-binder ratios of 0.3
and 0.5. The figures showed that the strength of mortar

decreased with increasing incorporation of admixture at the
same water-binder ratio. The mortar containing low content
of limestone powder showed higher compressive strength
than that containing ground fly ash at the early stage of
hydration. However, with the onset of hydration, the strength
of themortar containing ground fly ash improved rapidly and
exceeded the one with limestone at the later age, which may
be linked to the higher pozzolanic activity of fly ash at the
later period.

Thewater-binder ratio had little influence on the strength
developing law of mortar containing limestone powder or
ground fly ash. Therefore, reducing the water-binder ratio
could significantly improve the strength of mortar specimen
containing high content of ground fly ash or low content
(20%) raw fly ash to higher strength than those containing
the same content of limestone powder.

3.2. Hydration Heat Evolution Process. Figure 5 shows the
hydration heat produced and the rate of heat evolution for
the four selected mixtures within the first 72 h.The hydration
heat curves indicated that the influence of incorporating
different admixtures in the composite cementitious materials
varied the hydration heat. The addition of fly ash exhibited
little effect on the five stages of cement hydration but reduced
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Figure 4: Compressive strength of mortars with water-binder ratio
of 0.3.
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the hydration rate and the total heat compared to those
of the pastes C. The third exothermic peak, caused by the
conversion of AFt to AFm as a result of the consumption
of gypsum, was much higher than the second one in paste
G2 whereas the opposite response was observed in paste
R2. This suggested that fine-grinding leads to a quicker
hydration reaction and both raw ash and ground ash as
mineral admixtures reduce the heat of hydration which is
beneficial to mass concrete construction. The rate of heat
evolution of pastes L2 exceeded that of G2 after the induction
period but became lower during the deceleration period.
It is proposed that the transformation from ettringite to a
more steady monocarbon aluminate contributed to the third
exothermic peak.

For further analysis, Figure 6 presents a plot of the induc-
tion period against the acceleration period in the hydration
process. The addition of fly ash prolonged the induction
period but shortened the acceleration period compared with
pastes C, which demonstrated that fly ash had little effect

C L2 R2 G2

Induction period
Acceleration period
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Figure 6: Induction period and acceleration period of the cementi-
tious materials.

on the appearance of the second exothermic peak. There
are two reasons for the extension of the induction period.
On one hand, the increase of effective water reduced the
concentration of Ca2+ in the pore solution and extended
the induction period by increasing the time required for
Ca2+ saturation. On the other hand, ground fly ash sphere
particles may adsorb Ca2+ in solution, which inhibited the
increase of Ca2+ concentration through adsorption in the first
few hours. This also delayed the crystallization nucleation
of CH and C-S-H and accordingly cements hydration. In
the accelerated phase, more water came into contact with
the new exposed surface and accelerates cement hydration
because of the increasing effective water. In summary, the
nucleation effect of the ground fly ash may also accelerate
cement hydration.

The difference between pure cement and cement-based
materials is that the cement-based material containing lime-
stone powder had three special points. These special points
included a shortened induction period, an accelerated period,
and a significantly higher third exothermic peak at around 13
hours. It accounted for the assertion that limestone powder
does not take part in hydration due to its inertia but acts as a
filler and contributes to the nucleation of C

3
S and C

2
S [22].

3.3. Microstructure

3.3.1. Hydration Products. Figures 7 and 8 show the XRD
patterns of the hydration products of the selected pastes at 7
and 90 d, respectively.Themain peaks in pastes C are those of
calcium hydroxide (CH) and ettringite. The peaks of mullite
(M) and quartz (Q) in the specimen containing fly ash are
clearly evident, indicating that fly ash did not influence the
types of cement hydration products. This was because the
main chemical composition and component were the same.
In addition to the noticeable diffraction peaks of calcium
carbonate, there were also obvious single carbon calcium
aluminate diffraction peaks in pastes L2. This was due to the
calcium carbonate which reacted with C

3
A to produce single

carbon hydrated calcium aluminate as the main ingredient of
limestone powder.
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Figures 9 and 10 also showed that theCHcontent in pastes
R2 was lower at 90 d, indicating that the raw ash consumed
some CH at 7 d. As for pastes G2, grinding may promote
the activity, which made much higher consumption of CH
at the secondary hydration, causing CH content at 90 d to be
far less than that at 7 d. In addition, due to the consumption
of cement clinker with hydration process, the characteristic
peak of clinker was also reduced, which indicated exactly that
fly ash exhibited a filling effect in promoting the hydration
of cement to form CH. However, the ground one worked
better.TheCHcontent in pastes R2was slightly higher at 90 d,
suggesting that the raw ashwas less active than the ground ash
for the coarse particle, contributed to a relatively loosemortar
structure. The strength of pastes R2 was lower.
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Figure 9: TG-DTA curves of C, L2, R2, and G2 at 7 d.
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Figure 10: TG-DTA curves of C, L2, R2, and G2 at 90 d.

When the content of fly ash was up to 40%, the calcium
hydroxide content was lower than that of the cement paste at
the age of 90 d and was significantly lower than that of the
sample at the age of 7 d. As a result, the early filling effect
of fly ash promoted the cement hydration; however, the late
pozzolanic reaction was gradual and consumed part of the
calcium hydroxide. Comparing each group with admixture
content of 20%, the amount of calcium hydroxide decreased
at the age of 90 d for two main reasons. The first reason was
the relative decrease in the cement content and the amount of
calcium hydroxide produced. The other reason was that the
pozzolanic activity of ash was more evident with increasing
ash. Moreover, from the slurry map of ash mixed with raw
fly ash, the content of calcium hydroxide changed similarly
compared with that of ground fly ash indicating that the raw
fly ash had pozzolanic activity.

When the content of fly ash was up to 60% (high volume),
the diffraction peak of calcium hydroxide was significantly
lower than that of the pure cement hydration at the age of
7 d and 90 d, respectively. The content of CH was less or even
disappeared at the age of 90 d compared with that at the
age of 7 d because the CH content produced by the cement
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Table 4: Nonevaporating water content and hydration degree/mass,
%.

Sample Nonevaporating water
7 d 90 d

C 13.88 16.62
L2 11.5 12.02
R2 12.34 13.35
G2 12.91 14.89
L4 8.51 10.26
R4 9.33 11.53
G4 11.01 12.31
L6 2.89 3.42
R6 3.35 4.83
G6 4.16 5.19

hydration failed to meet the needs of the pozzolanic reaction
of ash.

The significant differences between the pastes fully
demonstrated that limestone powder promoted cement
hydration with growth in age. Raw ash exhibited a filling
effect in promoting cement hydration for its coarse particle
and low activity. Grinding improved the activity of fly ash and
was also conductive to its pozzolanic activity.

The content of nonevaporable water mainly depends on
the quantity of hydration products, which relates to the
hydration degree. Therefore, the content of nonevaporating
water can be used to characterize the degree of cement
hydration. The content of nonevaporating water is calculated
as follows:

𝐻 = 𝑤
105
− 𝑤
1050
− 𝛾,

𝛾 = 𝑝
𝑓
𝑟
𝑓
+ 𝑝
𝑐
𝑟
𝑐
,

(1)

where𝑤 is the mass fraction measured by TG at correspond-
ing temperature, 𝛾 is the loss of ignition, 𝑝

𝑓
is the mass

fraction of admixture, 𝑝
𝑐
is the mass fraction of cement and,

𝑟
𝑓
and 𝑟

𝑐
are the corresponding losses of ignition. Table 4

summarizes the results obtained from Figures 9 and 10.
Fly ash carries out the secondary pozzolanic reaction

and participates in the hydration and excitation of calcium
hydroxide as hydration product of cement clinker, con-
tributing to strength. So the amount of CH consumed can
indirectly reflect the hydration degree and the TG method
can accurately determine the content of CH. The calcium
hydroxide content is calculated according to the following
equation and results given in Table 5:

CH = (𝑤initial − 𝑤finish ) ⋅
74

18
. (2)

Table 5 lists the CH content calculated according to TG
curves.

At 7 d, the nonevaporating water in the group with
admixture incorporated was lower than that in group C,
which showed that admixtures promoted cement hydration
to varying degrees. The nonevaporable water content of

Table 5: CH content of the hydration products/mass, %.

Sample Seven days 90 days
C 13.46 16.39
L2 13.36 14.81
R2 12.53 11.35
G2 12.18 11.04
L4 12.01 10.88
R4 11.98 10.65
G4 9.59 9.37
L6 4.13 3.99
R6 2.92 0.85
G6 1.23 0.00

groups G2 and R2 did not appear to be much different from
each other and was just slightly higher than that of group L2.
This was due to the low content of cement and the higher
activity of G2 than that of R2, which accounted for the
large number of nonevaporating hydrogels. In contrast, the
limestone powder only promoted cement hydration. At 90 d,
the content of nonevaporating water of each group differed
a lot and increased with age. The content of nonevaporating
water of group L2 remained stable and low, which means
that the later products of L2 contained less bounded water.
Meanwhile, the nonevaporating water of the pastes con-
taining fly increased significantly, indicating that hydration
products between 7 and 90 d have a rapid growth and form
gel containing more nonevaporating water.

Table 5 indicated that CH content of group C and L2
pastes increased as hydration degree increased gradually,
whereas that of the pastes containing fly ash decreased. From
our previous analysis, it can been seen that the nonevapo-
rating water of pastes C and the pastes containing fly ash
increased greatly while that of pastes L2 tended to be stable.
Since limestone powder primarily played the filling role, the
content of CH consumed by fly ash in the two reactions was
larger than that produced by the cement hydration. Thus,
the nonevaporating water of C-S-H gel was much higher.
The CH content of group R2 was significantly less than that
of group L2 and obviously decreased further in group G2,
which is consistent with the XRD results (i.e., remind us very
briefly of what XRD says). The phenomenon indicated that
grinding stimulated pozzolanic activity of fly ash effectively.
With the content of limestone powder increase and cement
content decrease, hydration product CH is from cement so
that the CH content decreases for L4 and L6 samples.TheCH
content decreases with hydration age (because of the decrease
of cement) and limestone content. As for R4, raw fly ash
content is 40% which would decrease the hydration product
CH. Otherwise, as the secondary hydration between fly ash
and CH, the pozzolanic activity of raw fly ash is not as good
as ground fly ash; the values of sample G4 were so low.

3.3.2. Morphology of Hydration Products. As shown in
Figure 11, at 28 d, a large number of fibrous C-S-H gels
grew as clusters of radiation and overlapped in group C.
The microstructure of the pastes containing raw fly ash was
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Figure 11: Microstructure of hydration products of (a) C, (b) L2, (c) R2, and (d) G2 at 28 d.

loose and the particle surface was substantially smooth. The
clubbed C-S-H gel and irregular gel as growing hydration
products attached to the particles can be observed. The
observation means that fly ash mainly played the role of
filling at an early stage of hydration. A large number of C-
S-H gels were produced in group G2 and made the structure
denser. The main hydration products of group L2 were CH,
ettringite crystal, and C-S-H gel of type II netlike and type
III granular; at that time, limestone powder particles were
already wrapped by a lot of dense gel.

C-S-H gel and thin layered CH staggered (see Figure 12);
hence the structure was denser in group C at 90 d. Moreover,
a large amount of layered CH could be observed in group R2;
fly ash particles were wrapped in lots of hydration products,
which showed that fly ash had been involved in the hydration
limitedly. This is basically the same as group G2, but the C-
S-H gel which wrapped the fly ash particles at the later stage
was denser. It could also be observed that the surface of the
limestone powder particle had been eroded and the structure
of the reaction product was relatively denser, indicating that
the limestone powder had taken part in the hydration process.

Due to the thick ash, the surface of the glass beads was
substantially smooth at the age of 28 d (see Figure 13). Also
it was observed that increased hydration products presented
in the surroundings and are attached to the surface of the
structure that were relatively loose, illustrating that the fly ash
primarily acted as microaggregate filler. The fly ash particles

appeared as etching and a dense layer of hydration products
covered their surfaces at the age of 90 d. Again, a large amount
of tufted C-S-H became very compact and dense and grew
to intermingle with a laminar sheet of CH forming denser
microstructure dense. Although the pozzolanic reaction of
fly ash had been clearly evident, the consumption of CH
was not much and the flaky CH crystals were still abound.
Even in the slurry sample with up to 60% of fly ash, a large
number of laminated growth of CH crystals existed next to
the fly ash particles with a considerable degree of reaction.
This observation indicated that the consumption of CH in fly
ash reaction was small, where more of the CH crystals were
still in the slurry cementitious material with high volume of
fly ash to maintain the internal alkaline slurry at a higher
level.

4. Conclusions

The results from this study support the following.
The strength of mortar decreased with increasing lime-

stone powder content. The water-binder ratio had little
influence on the development rule of the strength of mortar
containing limestone powder. Limestone powder mainly
played roles in promoting cement hydration and it hardly par-
ticipated in hydration reaction. However, at the later period
(90 d), limestone powder showed weak chemical activity. It
may react with C

3
A to generate monocarboaluminates.
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(a) (b)
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Figure 12: Microstructure of hydration products of (a) C, (b) L2, (c) R2, and (d) G2 at 90 d.

(b)(a)

(c) (d)

Figure 13: Microstructure of hydration products of ((a) and (b)) R6 and G6 at 28 days and ((c) and (d)) R6 and G6 at 90 d.
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Compared with limestone powder, low quality fly ash
may improve the mechanical properties of cement-based
materials and ameliorate the hydration and microstructure.
In addition, low quality fly ash showed better mechanical
property at a low water-binder ratio.The early hydration heat
of the binder containing low quality fly ash was lower than
that of the binder containing limestone powder.

Grinding did not only affect the physical properties
but also improve the hydration of fly ash in cement-based
materials. At the early age, the activity of low quality fly ash
was low; but, at the later stage, it exhibits improvements,
especially after grinding. Furthermore, low quality fly ash
delayed the induction period, shortened the accelerator
period, and hence had little effect on the second exothermic
peak.
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Three kinds of modified asphalt were prepared by adding waste crumb rubber (WCR), waste polyethylene (WPE), andWCR/WPE
to base asphalt, respectively. The influence of different doses on the performance of modified asphalt, such as 25∘C penetration,
softening point, 5∘C ductility, and 135∘C, 165∘C viscosity, was studied, and the modification mechanism of modified asphalt was
discussed through the fluorescence microscope. As the waterproofing materials, the waterproofness of WCR/WPE compound
modified asphalt was tested. The results show that the WPE modified asphalt has excellent resistance to high temperature and
WCR modified asphalt has good low temperature resistance. The resistance to deformation ability of WPE modified asphalt is
better than that of the WCR modified asphalt. The 135∘C viscosity of compound modified asphalt is better than that of WPE and
WCRmodified asphalt. In addition, the waterproofness of compoundmodified asphalt using waterproofingmaterials is better than
that of common waterproofing materials.

1. Introduction

With the rapid development of the automobile industry and
packaging plastic industry, the quantity of the waste tires
and waste plastics is increasing. For instance, 233 million
tons of waste tires was produced in China in 2009, and now
waste tires production has more than three hundred million
tons. In addition, more than 5 million tons of waste plastics
is produced every year in China. General handling method
for these solid wastes, such as incineration and landfill, is
very serious to the environment pollution. Therefore, it is
important to recycle the waste rubber and plastic materials
to reduce the environmental pollution, including eliminating
black pollution caused by waste tires and white pollution
caused by waste plastics [1–5].

By adding the polymer to the base asphalt, it can improve
the performance of the asphalt according to the previous
reports [6–9]. It not only has good durability, abrasion
resistance, and resistance to cracking deformation using
modified asphalt pavement, but also can keep good stability

in high temperature or low temperature performance [10–
19]. So, it attracts the researchers’ interest in modifying
the asphalt using the waste materials modifier. In addition,
modified asphalt waterproofing materials have an excellent
imperviousness; therefore, it has more andmore applications
in building waterproofing material industry [20–23].

The performance of asphalt can be improved by using
single polymer modifier, and then the performance of mod-
ified asphalt may be better by using compound modification
method. Therefore, we use waste rubber powder, WPE, and
waste rubber powder/WPE as the modifier to prepare mod-
ified asphalt, and the performance of the modified asphalt is
studied in this paper.

2. Experimental

2.1. Materials. The base asphalt was obtained from Shaanxi
Guochuang Asphalt Material Co., Ltd. Its physical properties
were shown in Table 1.
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Table 1: The properties of base asphalt.

Properties Value
Softening point (ring-and-ball apparatus)/∘C 51.25
Ductility/cm >100
Penetration (25∘C, 100 g)/0.1mm 86.13
Viscosity (135∘C)/Pa⋅s 455
Viscosity (165∘C)/Pa⋅s 125

TheWPEwas obtained from flexible milk packaging bags
which has been recycled and disposed. WCR was obtained
from waste rubber tire that has been crushed to 30–40mesh.

2.2. Sample Preparation

2.2.1. The Preparation of Modified Asphalt. According to dif-
ferent experiment conditions, variable power electric furnace
was used to heat the base asphalt to 160∘C. When single
modifier modified asphalt was prepared, WPE or WCR was
first put in asphalt with artificial mixing for 30min and then
continued to be mixed for 30 to 90min using variable speed
shearingmixer with a speed rate of 3700 rpm according to the
content of modifier.

During the preparation of compound modified asphalt,
WPE was first put in asphalt with artificial mixing for
30 minutes and then continued to be mixed for 60min
using a variable speed shearing mixer mixing at a stirring
speed of 3700 rpm. The mixture was cooled to about 120∘C
holding for 30min for fully swelling WPE; then WCR was
added to the mixture to stir for 60min until WPE and
WCR evenly were dispersed in the asphalt. The modifier
proportions in modified asphalt were shown in Tables 2
and S1 (see Supporting Information available online at
http://dx.doi.org/10.1155/2016/5803709).

2.2.2. The Preparation of Waterproofing Materials. Adding
35wt% talcum powder to the compound modified asphalt
at 120∘C, the mixture was mixed for 30min at a speed rate
of 3700 rpm.Waterproofingmaterials were obtained after the
mixture was cooled to room temperature.

2.3. Characterization

2.3.1. Physical Properties Test. The physical properties of
asphalt, including softening point, penetration, and ductility
(5∘C), were tested in accordance with ASTM D36 (ring-and-
ball apparatus), Chinese specification GB/T 4509 and GB/T
4508, respectively [24].

2.3.2. Viscosity Test. The viscosity of asphalt was tested with
the Brookfield rotary viscosimeter in accordance with ASTM
D4402 [25].

2.3.3. Watertightness Test. The watertightness of the asphalt
waterproof was tested by using the waterproof coiled mate-
rial impervious instrument DTS-III in accordance with
GB/T328.10-2007.

Table 2: Modifier proportions in modified asphalt.

Sample number Modifier proportion
1 1 wt%WCR
2 2 wt%WCR
3 3 wt%WCR
4 4 wt%WCR
5 5 wt%WCR
6 6 wt%WCR
7 7 wt%WCR
8 8 wt%WCR
9 1 wt%WPE
10 2 wt%WPE
11 3 wt%WPE
12 4 wt%WPE
13 5 wt%WPE
14 6 wt%WPE
15 7 wt%WPE
16 8 wt%WPE
17 4 wt%WPE + 1 wt%WCR
18 4 wt%WPE + 2 wt%WCR
19 4 wt%WPE + 3 wt%WCR
20 4 wt%WPE + 4 wt%WCR
21 4 wt%WPE + 5 wt%WCR
22 4 wt%WPE + 6 wt%WCR
23 4 wt%WPE + 7 wt%WCR
24 4 wt%WPE + 8 wt%WCR

3. Results and Discussion

3.1. High Temperature Fluidity. As shown in Figures 1 and
S1 (in Supporting Information), the softening point value
of asphalt modified with WPE is significantly higher than
that of the base asphalt, and the change of the softening
point of asphalt modified with WCR is not obvious. With
the increase of the modifier content, the high temperature
stability is constantly improved. When the content of WPE
is 4wt%, the growth rate of softening point was increased
significantly. The high temperature stability of compound
modified asphalt is improved obviously, which is better than
the asphalt modified with WCR and higher than the 4wt%
content of WPE modified asphalt. With the increase of WCR
content, the softening point of compound modified asphalt
becomes higher (except the content of 3 wt% WPE), which
means the high temperature stability of the asphalt is excellent
and can satisfy the requirement of road asphalt.

3.2. Low Temperature Fluidity. As shown in Figures 2 and
S2 (in Supporting Information), the ductility of the asphalt
modified with WPE is poor, especially when the content of
WPE is higher than 4wt%, whichmeans it has poor plasticity
and low temperature cracking resistance. Considering the
softening point and ductility of asphalt modified with WPE,
4wt%WPE was chosen to prepare the modified asphalt. The
chosen content of WPE is different from the researches of
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Figure 1: The softening point of modified asphalt.
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Figure 2: The ductility of modified asphalt at 5∘C.

Colbert and You [10] and Zhang et al. [11]. On the contrary,
the asphalt modified with WCR has good ductility. The
ductility of compound modified asphalt was higher than the
asphalt modified with WPE, so its low temperature cracking
resistance is significantly superior to WPE modified asphalt.
The compound modified asphalt ductility is obvious ups and
downs with the increase of WCR. When the WCR content
in the compound powder is 3 wt%, the maximum ductility
appears at 64 cm and the low temperature cracking resistance
is the best.

3.3. The Normal Temperature Fluidity. As shown in Fig-
ures 3 and S3 (in Supporting Information), the penetration
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Figure 3: The penetration of modified asphalt at 25∘C.

of asphalt modified with WCR and WPE decreases with
the increase of the modifier dosage, and the resistance to
deformation of the asphalt was enhanced. In addition, the
penetration of the asphalt modified with WPE is lower than
that modified with WCR, which means the resistance to
deformation of the asphalt modified with WPE is better
than that modified with WCR. With the increase of mod-
ifier dosage, the range of the compound modified asphalt
penetration is narrow, and the maximum and the mini-
mum appear at 5.63mm and 4.61mm, respectively, which is
comparable to the penetration (5.56mm) of 4wt% content
WPE modified asphalt. When the waste rubber powder
content in compound modified asphalt is less than 4wt%,
its penetration is less than the asphalt modified with single
modifier, which means the ability to resist shear deformation
is stable. This result is consistent with the low temperature
fluidity ofmodified asphalt, and the low temperature cracking
resistance is the best when theWCRcontent in the compound
powder is 3 wt%. So the chosen content of WCR is different
from the results of [12, 13].

3.4. The Viscosity of Modified Asphalt. Viscosity of base
asphalt at 135∘C and 165∘C is 455 Pa⋅s and 125 Pa⋅s, respec-
tively, and it can be found that modified asphalt has higher
viscosity than the base asphalt (as shown in Figure 4, Figure
S4, Figure 5, and Figure S5). At 135∘C, with the increase of
the modifier dosage, the viscosity of asphalt modified with
WCRhas no significant change; that is to say, it has no obvious
effect on base asphalt. On the other hand, the viscosity of
asphalt modified with WPE gradually rises with the increase
of modifier dosage. The viscosity of compound modified
asphalt increases significantly, and its improved degree is
superior to the asphalt modified with single modifier. Due
to the fact that the high temperature viscosity reflects the
high temperature resistance, the high temperature resistance
of compound modified asphalt is the best.
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Figure 4: The viscosity of modified asphalt at 135∘C.
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Figure 5: The viscosity of modified asphalt at 165∘C.

As shown in Figures 4, S4, 5, and S5, modified asphalt
viscosity at 165∘C is lower than that at 135∘C; this is because
the internal resistance in the asphalt reduces with the increase
of the temperature in high temperature stage, which makes
the asphalt shift from viscous body to a liquid. And at 165∘C,
with the increase of the modifier, asphalt viscosity shows
approximate change of that at 135∘C. The viscosity shows the
resistance to flow; therefore, the rheological properties of the
compoundmodified asphalt at high temperature are superior
to the single modified asphalt.

3.5. Morphology Analysis. As shown in Figure 6, the inter-
action between WCR (or WPE) and base asphalt is not

Table 3: Water proofing property of different modified asphalt
waterproofing materials.

Number 1# 2# 3# 4# 5# 6# 7# 8#
Permeable? (Y/N) N N N N N N N N

chemical change, but partly dissolving and swelling on the
volume.WPE andWCRhave been labeled in the fluorescence
microscope pictures. As shown in Figure 6(a), WPE has a
good compatibility and dispersity, which shows the shape
of wire mesh. WPE presents a linear polymer property at
high temperature, and the mutual infiltration and adsorption
happen between two ingredients under the action of light
component in the asphalt, coupling with the good spatial
three-dimensional network structure of WPE. These results
make the high temperature performance of the asphalt
significantly improved. From Figure 6(b), it can be seen that
WCR exists in the form of a bright spot, and it disperses
in base asphalt homogeneously. Rubber powder adsorbs the
aromatic oil from the asphalt onto the polymer chain of
rubber powder. As a result,WCR and base asphalt get close to
each other due to the aggregation, and part of them form the
crosslinking structure or a network structure. As we see from
Figure 6(c), compound modified asphalt belongs to physical
modification, and the rubber phase disperses in the asphalt as
a shape of “island.”

3.6. Watertightness of Waterproofing Materials. Asphalt
waterproofing materials tested the water proofing property
with a waterproof coiled material impervious instrument
under the pressure of 0.3MPa for 30min, and the result was
shown in Table 3.

As we can see from Table 3, the waterproofing materials
have no floods occurring phenomenon in the experiment;
that is to say, its water proofing property is good and can
satisfy the requirement.

4. Conclusions

In this paper, the effects of adding different modifier on
softening point, penetration, ductility (5∘C), and viscosity
of modified asphalt were investigated. In addition, we use
the compound modified asphalt to prepare waterproofing
materials. The result reveals that WPE modified asphalt has
excellent resistance to high temperature and WCR modi-
fied asphalt has excellent low temperature resistance. The
resistance to deformation of WPE modified asphalt is better
than that of WCR modified asphalt. The 135∘C viscosity
of compound modified asphalt is better than that of WPE
and WCR modified asphalt. In addition, the waterproofness
of waterproofing materials made by compound modified
asphalt is excellent.
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This paper presents the axial bearing capacity of thin welded rectangular steel stubs filled with concrete sand. A series of tests was
conducted to study the behavior of short composite columns under axial compressive load; the cross section dimensions were 100
× 70 × 2mm. A total of 20 stubs have been tested, as follows: 4 hollow thin welded tubes were tested to axial and eccentric load
compression, 4 were filled with ordinary concrete appointed by BO columns, 6 were filled with concrete whose natural sand was
completely substituted by a crystallized sand slag designated in this paper by BSI, and 6 were tucked in concrete whose natural
sand was partially replaced by a crystallized sand slag called BSII. The main parameters studied are the height of the specimen
(300mm–500mm), eccentricity of load and type of filling concrete. Based on test results obtained, it is confirmed that the length
of the tubes has a considerable effect on the bearing capacity and the failure mode. In all test tubes, fracture occurred by the convex
local buckling of steel section due to the outward thrust of the concrete; it was observed that the sand concrete improves the bearing
capacity of tubes compounds compared to those filled with ordinary concrete.

1. Introduction

Concrete-filled steel tube columns have many advantages in
terms of their high strength, high ductility, high stiffness, and
full usage of construction materials [1–3].The problem of the
behavior of these columns was the subject of several studies
in different countries and attracted the attention of many
researchers. From all the research conducted, it was found
that the type of filling concrete directly affects the capacity
and behavior of composite columns [4–8]. Very few experi-
ments are done on built up cold-formed welded steel sections
filled with concrete or recycled materials such as slag stone
concrete designated here by SSC. The slag stone concrete has
been tested under direct compression andwas used as a filling
material to overcome the undesired effects of imperfections
of built up cold-formed sections. The gain in strength was
found to reach a value of up to 2 and decreased linearly
with the stubs height [9]. The characterization of slag sand
concrete has been the subject of some studies; the research
works approved the possibility to use the crystallized slag as

sand in the composition concrete which may have a compet-
itive performance to conventional concrete [10–12]. The use
of slag sand concrete as stuffing materials in steel tubes can
improve this behavior, and the use of blast furnace waste as
substitute material helps to save a significant share of natural
resources and protect the environment. The present work
is a contribution to understanding the behavior of hollow
thin welded tubes filled with sand slag concrete subjected to
axial and eccentric compression.

2. Experimental Program

A series of tests was conducted to study the behavior of short
composite columns under axial compressive load; the cross
section dimensions were 100 × 70 × 2mm, the detail of the
section is shown in Figure 1. A total of 20 stubs were tested,
as follows: 4 rectangular empty tubes were tested to axial and
eccentric load compression, 4 were filled with ordinary con-
crete, 6 were filled with a concrete substitute natural sand that
was completely crystallized by a sand slag, and 6 others were
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Table 1: Concrete composition used for filling rectangular steel
profiles.

Compositions Unit BO BSI BSII
Cement CPJ 42.5 Kg/m3 350 300 300
Water/cement

Calculated — 0.5 0.81 0.61
Real 0.55 0.88 0.88

Sand dune 0/2.5 Kg/m3 725.59 — 500
Sand slag granulated 0/3.15 Kg/m3 — 1540 1275
Gravel 5/12.5 Kg/m3 1070.67 — —

H

t

B

Welding section

Filled section

Hollow section

Figure 1:Thin cold-formed andwelded steel cross section filledwith
concrete details.

filledwith sand slag concrete or natural sand thatwas partially
replaced by a crystallized sand slag. The main objectives of
these tests were to clarify the mechanical performance of
steel section filled by concrete sand compared to those filled
with ordinary concrete. The main parameters studied are
the height of the specimen (300mm–500mm), type of the
applied load (axial or eccentric), and type of concrete filling;
the composition of the filling concretes is presented in Table 1.

2.1. Materials Fabrication. The properties of material fab-
rication of concrete core are shown in Table 1. The steel
used for the manufacture of the section is U-profiles of cold
rolled thickness 2mm whose mechanical characteristics are
as follows:

(i) Young modulus Ea = 205000MPa.
(ii) Yield stress 𝜎𝑒 = 300MPa.

The rectangular welded steel columns filled with three
types of concrete were cast vertically in three layers, each
compacted on a vibrating table for 2 to 3 minutes to achieve
more even concrete along the length of the specimen. All
composite specimens were left in the curing room at an ambi-
ent temperature (𝑇 = 20–25∘C and humidity rate = 60–70%)
for a period of 28 days. Both top and bottom faces of compos-
ite stubs were mechanically treated to remove surface irreg-
ularities and ensure that both steel and concrete are loaded
during test. The 28 days’ mean stress of ordinary concrete is
20MPa, 22.4Mpa for BSI’ and 19Mpa for BSII concrete mix.

Figure 2: Failure mode of empty tubes.

2.2. Physical Properties of Crystallized Sand Slag. The crystal-
lized slag sand use in the composition of concrete is fromblast
furnace of the El Hadjar steel complex, Algeria.The chemical
compositions and the physical properties of the sands and
gravel are presented in Tables 2 and 3.

2.3. Test Rig and Procedure. All specimens were tested in a
500 kN compressive machine. Special attention was given to
verifying the correct position of the stubs before any loading.
The load was applied on the composite section (concrete and
steel). Figure 1 shows the detail of columns tested in this
work. Both top and bottom faces of composite stubs were
mechanically treated to remove surface irregularities.The top
and bottom surfaces of the concrete-filled cold-formed steel
tube columns were restrained against all degrees of freedom,
except for the displacement at the loaded end, which is the
top surface, in the direction of the applied load.

3. Results of Rectangular Empty Stubs Tests

The load carrying capacities of tested empty steel tubes V1
and V3 tested under concentric load are, respectively, varied
from 146 and 138 kN as shown in Table 4; after test, we noted
that the large sides of section buckled outwards in contrary to
small side. In the case of hollow thin walled tubes V2 and V4
tested to eccentric load, the load carrying capacity decreases
by a rate of 9.58% and 10.14%, respectively, compared to V1
and V3 tubes. The phenomenon observed of the two tested
tubes is always local buckling as shown in Figure 2.

4. Results of Rectangular Filled Stubs Tests

The test results on the tubes filled with concrete granulated
slag (BSI and BSII), made 28 days after the concrete casting
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Table 2: Physical properties of sands.

Sand type Apparent density
(kg/m3)

Specific density
(kg/m3)

Porosity in
percentage

Fines modulus
(MF)

Water
content in
percentage

Sand
equivalent in
percentage

Dune sand
(0/2.5mm) 1610 2650 40 2.21 90.52

Crystallized sand
slag (0/3.15mm) 1570 2630 41 3.1 0.35 88.52

Table 3: Physical properties of gravel.

Gravel type Apparent density
(kg/m3)

Specific density
(kg/m3)

Porosity in
percentage

Water
content in
percentage

Cleanness value
Absorption
coefficient

in percentage
Gravel (5/12.5mm) 1300 2500 48 0.79 2 2.55

Table 4: Experimental results of rectangular empty stubs.

Concrete type Specimen Height (mm) 𝐻 × 𝐵 × 𝑡 (mm) Eccentricity (mm) Nue (kN)

Empty steel tubes

V1 300 101.30 × 69.80 × 2.30 0 146
V2 500 100.10 × 69.70 × 2.20 0 138
V3 300 99.80 × 70.10 × 2.30 20 132
V4 500 100.10 × 69.40 × 2.20 20 124

Table 5: Experimental results of composite columns.

Concrete type Specimen Height (mm) 𝐻 × 𝐵 × 𝑡 (mm) Eccentricity (mm) Nue (kN)

BO

PA1-1 300 100.20 × 70.10 × 2.30 0 341
PB1-2 300 99.90 × 68.75 × 2.20 20 320
PA1-3 500 99.50 × 69.10 × 2.20 0 330
PB1-4 500 99.55 × 68.75 × 2.20 20 315

BSI

PA2-1 300 99.75 × 69.50 × 2.20 0 385
PB2-2 300 99.62 × 68.06 × 2.20 20 359
PB2-3 300 99.62 × 69.55 × 2.25 20 363
PA2-4 500 99.91 × 69.13 × 2.30 0 368
PB2-5 500 98.58 × 69.75 × 2.15 20 353
PB2-6 500 99.37 × 69.10 × 2.20 20 357

BSII

PA3-1 300 99.72 × 68.50 × 2.30 0 374
PB3-2 300 99.82 × 69.55 × 2.20 20 351
PB3-3 300 98.37 × 69.10 × 2.20 20 349
PA3-4 500 100.50 × 68.55 × 2.30 0 365
PB3-5 500 100.63 × 68.75 × 2.30 20 344
PB3-6 500 98.60 × 69.85 × 2.30 20 341

date, showed the advantage of these types of concrete as
tamper member with respect to ordinary concrete (BO). All
test results are presented inTable 5.The load carrying capacity
varied from 315 kN to 385 kN; the test results of the columns
subject to eccentric load confirm the diminution of load
carrying capacity when the eccentricity load and stubs height
increase.

In Figure 3, we see that the tubes subjected to an axial
load with 300mm height, filled by sand slag concrete and BSI
BSII, give an ultimate load greater than that of columns (BO).
The percentage of increase in load is, respectively, 11.43%

and 08.82%. About 500mm tubes filled with granulated
slag concrete BSI and BSII have increased ultimate load of
respectively, 10.33% and 9.59%, relative to the tube filled with
normal concrete (BO).

These test results on the laminated steel tubes welded and
cold and thin walls under axial load showed the advantage
of the use of slag sand concrete as packing member. Also the
height of the tubes has a considerable effect on the bearing
capacity; we note that the bearing capacity decreases with
increasing the height of the tubes subjected to an axial load
whatever the type of filling concrete.
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Figure 3: Influence of concrete core type on the bearing capacity under axial load.
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Figure 4: Influence of concrete core type on the bearing capacity under eccentric load.

Figure 4 shows the experimental ultimate load tubing
made under eccentric loading (𝑒 = 20mm). The ultimate
load of the stubs height 300mm filled by sand BSI concretes
and BSII increases, respectively, by the order of 11.36% and
8.57%, compared to load carrying capacity of column BO and
to the tubes with 500mm height increase of approximately
11.36% for BSI and 08.03% for BSII column compared to BO
tube. After comparing the results of different bearing capacity
obtained experimentally, we see that the rate of eccentric load
has an important influence on the bearing capacity and local
buckling forming position. It may be noted that when the
eccentricity and stubs height increase the load decreases, as
shown in Figures 5 and 6.

Figure 7 shows clearly that the EC4 provides superior
load capacity of 1% ÷ 2% for ordinary concrete-filled tubes
under axial loading for stubs height 300mm and 500mm,
respectively, and provides a capacity of 0.7% and 0.9%,
respectively, for the tubes of height 300mm filled with the

granulated slag concrete BSI and BSII. The Euro code 4 gives
a good agreement for hollow tubes filled in the case three
concrete type.

The comparison of load carrying capacity between filled
and empty steel tubes clarifies the benefit of filling hollow
thin welded tubes by sand slag concrete as shown in Figure 8.
The rate of increase load is more than twice of empty steel
tubes load, which proves that the filling concrete contributes
significantly to the increases of bearing capacity and is
delaying the problem of instability of these columns.

5. Plastic Resistance of Composite Columns
according to Euro Code 4

EC3 and EC4 are the most recently completed international
standards in steel construction and composite construction,
respectively. EC4 provided a simplified method of design
for composite columns, which was based on the European



Advances in Materials Science and Engineering 5

PA1-4PA2-5PA2-6PA3-5PA3-6

B.OBSIBSII

Eccentricity e = 20mm
Eccentricity e = 0mm

280

300

320

340

360

Lo
ad

 (k
N

)

Figure 5: Influence of the eccentricity of load on the bearing
capacity (case of the stubs height 300mm).
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Figure 6: Influence of the eccentricity of load on the bearing
capacity (case of the stubs height 500mm).
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Figure 7: Experimental load Nue and EC4 load Nuc for the tubes
height 500mm.

buckling curves for the influence of instability and on cross
section interaction curves determining the column section’s
resistance. EC4 covers concrete encased and partially encased
steel sections and concrete-filled sections with or without
reinforcement. Design procedure of the composite columns
considers the second-order effects including imperfections
and ensures that under themost unfavorable combinations of
actions at the ultimate limit state, instability does not occur.
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Figure 8: Comparison of load carrying capacity between empty and
filled stubs.

The plastic resistance to compression 𝑁pl,Rd of a composite
cross section was calculated by adding the plastic resistance
of its components:

𝑁pl,Rd =
𝐴
𝑎
𝑓
𝑦

𝛾Ma
+ 𝐴
𝑐
(

0.85𝑓ck
𝛾
𝑐

) +

𝐴
𝑠
𝑓sk
𝛾
𝑠

, (1)

where 𝐴
𝑎
, 𝐴
𝑐
, and 𝐴

𝑠
are the cross-sectional areas of

structural steel, concrete, and reinforcement, respectively;𝑓
𝑦
,

𝑓ck, and 𝑓sk are, respectively, the yield stress of steel cross
section, the strengths of concrete, and the yield stress of steel
reinforcement; 𝛾Ma, 𝛾𝑐, and 𝛾𝑠 are partial safety factors at the
ultimate limit states. The results of load carrying capacity
according EC4 are presented in Table 6.

6. Design Method Proposed by
Vrcelj and Uy [13]

Vrcelj and Uy [13] proposed a design method for the strength
calculation of a slender concrete-filled steel box column
loaded in compression, when the steel portion of the com-
posite column is affected by local buckling. The following
relationship is proposed by Vrcelj and Uy [13]:

𝑁clb = 𝛼1𝑏𝑁𝑐, (2)

where 𝑁clb is the slender column buckling load which
incorporates local buckling,𝑁

𝑐
is the column buckling load,

and 𝛼
1𝑏

is the interaction coefficient to account for local
buckling and is in the range 0 ≤ 𝛼

1𝑏
≤ 1.0.

𝛼
1𝑏
is calculated as

𝛼
1𝑏
=

(100 − 𝜌
𝑟
)

100

, (3)

where the percentage reduction 𝜌
𝑟
is given as

𝜌
𝑟
= [

(𝑁
𝑐
− 𝑁clb)

𝑁
𝑐

] × 100. (4)
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Table 6: Load of composite columns according to Euro code 4 compared to experimental load.

Concrete
type Specimen Stubs height

(mm)
Nuc (EC4)

(kN) Nuc/Nue

BO

PA1-1 300 338.23 0.99
PB1-2 300 310.1 0.96
PA1-3 500 323.79 0.98
PB1-4 500 312.30 0.99

BSI

PA2-1 300 360.05 0.93
PB2-2 300 353.50 0.98
PB2-3 300 360.30 0.99
PA2-4 500 367.07 0.99
PB2-5 500 342.80 0.97
PB2-6 500 351.66 0.98

BSII

PA3-1 300 343.10 0.91
PB3-2 300 353.40 1.01
PB3-3 300 351.73 1.01
PA3-4 500 345.30 1.00
PB3-5 500 333.85 0.97
PB3-6 500 314.80 0.92

Table 7: Load of composite columns according to Vrcelj method.

Concrete type Specimen Stubs height (mm) Nu (Vrcelj) (kN) Nu (Vrcelj)/Nue

BO

PA1-1 300 343.33 1.01
PB1-2 300 318.41 0.99
PA1-3 500 328.22 0.99
PB1-4 500 298.43 0.94

BSI

PA2-1 300 367.03 0.95
PB2-2 300 353.82 0.98
PB2-3 300 352.64 0.97
PA2-4 500 354.56 0.96
PB2-5 500 344.75 0.97
PB2-6 500 345.62 0.96

BSII

PA3-1 300 354.14 0.94
PB3-2 300 319.86 0.91
PB3-3 300 332.78 0.95
PA3-4 500 354.23 0.97
PB3-5 500 321.10 0.93
PB3-6 500 314.64 0.92

The results of estimated load carrying capacity of different
columns by this above design method are presented in
Table 7.

7. Breakage Mechanism of Filled Tubes

The failure mode of rectangular hollow tubes filled with three
types of concrete study in this work is the local buckling
of steel section; the steel section is deformed in a convex
manner, as shown in Figures 7 and 8.The local buckling took
place in all samples with a small attenuation for longer steel
stubs. Both large and small sides buckled outwards. We also
noted a breakdown of somewelding that occurred at the local

buckling formation region has reached the maximum load as
shown in Figures 9 and 10.

8. Discussion

To investigate the behavior and design of axially loaded
concrete sand filled with cold-formed steel tube columns, we
present in this work the details of an experimental study of
the compressive behavior and axial bearing capacity of thin
welded rectangular steel stub columns filled with concrete
sand. A comparison between experimental column load
strength, load carrying capacity calculated according Euro
code 4 designs [14], and design method proposed by Vrcelj
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(a) BO column, eccentricity 𝑒 =
0

(b) BO column, eccentricity 𝑒 =
20mm

(c) BSI column, eccentricity 𝑒 = 0 (d) BSI column, eccentricity 𝑒 =
20mm

Figure 9: Failure mode of BO and BSI columns.

(a) BSII column, eccentricity 𝑒 = 0 (b) BSI column, eccentricity 𝑒 = 20mm

Figure 10: Failure mode of BSII column.

and Uy [13] of different columns is exposed. Results of load
carrying capacity calculated by the two methods cited above
show that both methods under-estimate the load carrying
capacity compared with experimental results for almost all
columns tested in this work. This underestimation of load
imposes an acceptable safe level for estimating the bearing
capacity of columns, which allows us to be on the safe side.
The local buckling forming position varies from column to
another but is generally around 1/3 of column height counted
from top surface in the case of columns tested to axial load.
In the case of columns tested to eccentric load, the position
of local buckling is at 1/4 of column height in the direction
of eccentric load, and at around 1/6 of stubs height in the

opposite direction. Welding opening signs and a concrete
breakdown were seen in the local buckling formation areas.

9. Conclusion

This study has highlighted the axial and eccentric behavior of
thin steel tubes welded and filled with three types of concrete:
regular concrete appointed by BO, sand slag concrete made
from 100% crystal sand slag designated by BSI, and concrete
sand slag used in the concrete composition partially desig-
nated by BSII. After analyzing the results, we can highlight the
following. Results show that the column strengths increase as
the stubs height decreases.We see in all columns tested in this
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work the sign of local buckling developed when the ultimate
bearing capacity is reached causing the instability of columns.
The load carrying capacity iscalculated according Eurocode
4 prediction [14] and design method developed by Vrcelj and
Uy [13]

(i) Filling the hollow tubes by various types of sand
slag concretes (BSI or BSII) improved behavior and
increased bearing capacity relative to the empty steel
tubes and tubes filled with BO concrete.

(ii) The bearing capacity decreases when slenderness
increases.

(iii) The bearing capacity of composite stubs is strongly
influenced by the load eccentricity in the case of three
types of BO concrete, BSI, and BSII.

(iv) The posts of the failuremode in the case of three types
of concrete used are a way of convex local buckling
accompanied by a burst of weld welding buckling
training level.

(v) The bearing capacity calculated by the Euro code 4
and design Vrcelj method are an acceptable approach
compared to that recorded experimentally.
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This paper discusses the experimental results on the flexural behavior and deflections of posttensioned concrete flat plates
depending on tendon layout. One reinforced concrete flat plate and two posttensioned concrete flat plates were manufactured
and tested. One-way posttensioning layout and two-way posttensioning layout were considered in this paper. The load-deflection
behavior and modes of crack are presented from the test results. Posttension systems effectively controlled crack and deflection.
One-way and two-way posttensioning layouts both showed similarmaximum load. However, serviceability improvedwith two-way
posttensioning layout compared to one-way posttensioning layout. Also, the yield-line theory was applied to predict the ultimate
load for the posttensioned flat plates.The comparison between the test results and estimation by yield-line analysis generally showed
good agreement.

1. Introduction

Posttensioned concrete flat plate structure has many advan-
tages such as reduction of overall member thickness and
simpler construction. Also, these systems have exhibited
good performance in terms of ductility and flexural capacity.

The critical failure mode for flat plates is punching shear.
Therefore, researchers have studied the way to improve the
structural performance of the flat plate through an appropri-
ate tendon layout. Burns and Hemakom [1] performed the
test to observe the strength and behavior of posttensioned
flat plate. The banded tendon layout was applied in column
strip of 𝑥-direction and single tendons were distributed in 𝑦-
direction of slab. It was found from the experiment that the
banded and distributed tendon layout can improve the flex-
ural and shear capacities. The flexural failure demonstrated
that the banded tendon layout of column strip resisted the
punching shear effectively. Kosut et al. [2] experimentally
evaluated the behavior of posttensioned flat plates with dis-
tributed and banded tendon arrangement in each direction.
They presented that the banded tendon on the column strip
can resist the punching shear failure and distributed tendon
can improve flexural capacity. Ramos et al. [3] presented

the experimental results of flat plates with tendon under
punching shear. They showed the results that load capacity
decreased as the distance between the tendons and the
column increased. For analytical studies, Gilbert et al. [4]
proposed automatic yield-line analysis to predict ultimate
strength of two-way slabs. Harajli [5] proposed an equation
using plastic analysis to calculate the stress in unbonded ten-
dons at ultimate load. They verified the accuracy of the pro-
posed equation in comparison with test data and ACI design
code.

Recently, Functionally Graded Materials (FGMs) were
developed to improve strength, ductility, and chemical resis-
tance of structural materials. FGMs are a new kind of
inhomogeneous composite materials which have low density,
excellent chemical resistance, and high stiffness to weight
ratio.The application of FGM has been extended to slabs and
bridges due to its many advantages. In order to apply FGMs
to structural member such as beams and slabs, it is necessary
to build a new theory for the beam and the plate. Mahi et al.
[6] developed hyperbolic shear deformation theory to predict
free vibration frequencies of FGM plates. They showed the
accuracy and efficiency of the proposed theory. Belabed et al.
[7] presented higher order shear and normal deformation

Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2016, Article ID 2651435, 11 pages
http://dx.doi.org/10.1155/2016/2651435

http://dx.doi.org/10.1155/2016/2651435


2 Advances in Materials Science and Engineering

Column

Banded

Min two strands over column

tendons

(a) Banded-distributed (b) Banded-banded

Min two strands over column
(c) Distributed-distributed (d) Mixed

Figure 1: Principal options of tendon layout [4].

theory for FGM plates.They verified that the theory can con-
sider both shear deformation and thickness stretching effects.
Hebali et al. [8] proposed a new quasi-three-dimensional
hyperbolic shear deformation theory to analyze the bending
and free vibration for FGMS plates.

There are several possible arrangements for the tendon
layout in two-way slab system supported by columns [9].The
tendons in each direction can be arranged in combination of
banded and distributed layouts as shown in Figure 1. Since
the four options provide equal strength capacity, the choice of
tendon layout is usually determined by constructability [3].

Posttensioned slabs are used for long spans and heavy
live loads where flexural strength and ductility assume a
significant role. It is known that the flexural behaviors usually
govern the behavior of interior panel in the flat plates. In
otherwords, the distribution of tendons can affect the flexural
strength and ductility in the interior panel of the flat plates.
Though many researchers have researched into the effect of

punching shear to the posttensioned flat plates with various
tendon layouts in column strips, most of these researches
pointed out that the tendon layouts designs are only presented
to prevent punching shear failure. Little information is
available on the flexural behavior of posttensioned flat plate.
This study aims to recommend the concerning tendon layout
design to improve flexural strength and ductility for postten-
sioned flat plates.

In this study, flexural tests on three concrete flat plate
specimens were performed in order to evaluate the flexural
behavior and deflection according to the tendon layout.
For the comparison purpose, one of three specimens was
typical concrete flat plate and the tendons were distributed
in one way and in two ways for the other two specimens.
Cracking pattern, failure modes, strain, and maximum load
were obtained and analyzed from the tests. The test results
were also compared to examine the validity of the yield-line
theory.
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Table 1: Material properties of tendon.

Type Diameter
(mm)

Area
(mm2)

Unit
weight
(kg/km)

Elongation
(%)

SWPC 7B 12.7 98.7 774 3.5

2. Experimental Program

2.1. Materials. The design compressive strength of the con-
crete used for the fabrication of the specimens was 35MPa.
The average compressive strength measured at 28 days was
36.7MPa. Deformed steel bars with a diameter of 13mm
and 10mm were used as longitudinal reinforcement and
stirrups, respectively. And their tensile strength andmodulus
of elasticity were 400MPa and 200GPa, respectively. Seven-
wire steel strand tendons with 12.7mm diameter were used.
The nominal ultimate tensile strength of the tendon was
1860MPa.Material properties of the tendons are summarized
in Table 1.

2.2. Specimen Details. One concrete flat plate (FR-control)
and two posttensioned flat plates were manufactured for
the test. For two posttensioned flat plates, one specimen
had tendons distributed in only 𝑥-direction (FR-PT-𝑥) and
the other distributed in both 𝑥- and 𝑦-directions (FR-PT-
𝑥𝑦). Details of the specimens are illustrated in Figure 2 and
summarized in Table 2. The size of the test specimens was
3000mm × 3000mm and 250mm thickness. A minimum
concrete cover of 40mm was designed for all specimens
at compression and tension sides. Two specimens were
posttensioned with a constant eccentricity of 43mm. Since
ACI code recommended that the tendon spacing not be
greater than eight times the slab thickness [5], the tendons
were placed in the middle of the slab at a spacing of
350mm. Prestressing force of 1488MPa corresponding to
approximately 80% of the tensile strength of the tendon was
applied. A load cell was used to measure the applied jacking
load to the tendons during the posttensioning. Minimum
bonded deformed longitudinal reinforcement is required in
design of prestressed slabs to limit crack width at service load
when concrete tensile stresses exceed the modulus of rupture
and, for flat plate with unbonded tendons, to ensure flexural
performance at ultimate strength [10, 11]. The minimum
amount of bonded deformed longitudinal reinforcement was
calculated for the specimens using (1) in positive moment as
suggested by ACI 318:

𝐴
𝑠,min =

𝑁
𝑐

0.5𝑓
𝑦

,

0.17√𝑓


𝑐
< 𝑓
𝑡
≤ 0.5√𝑓



𝑐
,

(1)

where 𝐴
𝑠,min is a minimum area of bonded deformed longi-

tudinal reinforcement;𝑁
𝑐
is the resultant tensile force acting

on the portion of the concrete cross section that is subjected
to tensile stresses due to the combined effects of service loads
and effective prestress; 𝑓

𝑦
is a tensile strength of longitudinal

reinforcement; 𝑓
𝑐
is compressive strength of concrete; 𝑓

𝑡
is

extreme fiber stress in tension in the precompressed tensile
zone calculated at service load using gross section properties.

Also, two-way slabs with reinforcement ratios of 1.0% or
more are likely to fail due to a punching shear [12]. For this
test, flexural reinforcement ratio of 0.19% was determined.
Each specimen had the same flexural reinforcement ratio
in order to secure the equivalent flexural stiffness provided
by the longitudinal reinforcement bars. All specimens were
reinforced in loading point zone with steel stirrups to prevent
punching shear failure that might occur prior to the flexural
failure.

2.3. Test Setup. Load was applied to each specimen using a
hydraulic jack with maximum capacity of 5000 kN. In order
to induce the specimens to typical flexural behavior as shown
Figure 3, the test specimens were simply supported along
the four sides. The force generated by the hydraulic jack was
transmitted to a 500mm × 500mm loading plate which was
placed at the middle of the specimen as shown in Figure 4.
The distance from support to loading point was 1.25m to
give a shear span to depth ratio of 6. The magnitude of
the loading was measured by a load cell attached to the
bottom of the jack. All specimens were loaded until failure
to observe the ultimate load-carrying capacity. Nine linear
variable displacement transducers (LVDTs) were installed
at the bottom of the specimen to measure the vertical
displacement, and the strain gauges were attached to the
longitudinal reinforcing bars as shown in Figure 4. A data
logger was used to collect load, displacement, and strain data.

3. Test Results

3.1. Crack Pattern and Deflection. Figure 5 shows the cracks
and failure of the specimens. The solid lines represent the
experimental crack patterns and the dashed lines represent
the theoretical yield-line patterns in the figure. For all
specimens, cracks appeared similar to the theoretical yield-
line patterns for simply supported four sides of two-way slabs.
In the case of the FP specimen, the reinforced concrete flat
plate, initial flexural cracks occurred on the bottom surface.
And the flexural cracks occurred intensively near the center
of the specimen afterward but did not extend outward. After
reaching the maximum load, the flexural cracks became
wider and some cracks appeared around the edge of the
loading plate.The failure occurred at the center of the bottom
of the specimen.

In the case of FP-PT-𝑥 and FP-PT-𝑥𝑦 specimens, the
flexural cracks occurred at the center of the specimen.
However, unlike the FP specimen, the cracks diagonally
propagated towards near the edges of the specimen. FP-PT-
𝑥 and FP-PT-𝑥𝑦 specimens showed well distributed flexural
cracks compared to FP specimen. As the load increased,
some cracks appeared around the edge of the loading plate.
Upon reaching the maximum load, flexural cracks became
wider and finally failed. However, less number of cracks and
smaller crack width were observed in FP-PT-𝑥𝑦 than FP-PT-
𝑥 specimen.
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Figure 2: Details of the specimens.
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Table 2: Details of specimens.

Specimen 𝐴
𝑠,𝑥
(mm2) 𝐴

𝑠,𝑦
(mm2) 𝑓

𝑝𝑒
(MPa) 𝑓

𝑝𝑒
/𝑓
𝑝𝑢
𝜌
𝑝,𝑥

(%) 𝜌
𝑝,𝑦

(%) 𝜌
𝑠,𝑥

(%) 𝜌
𝑠,𝑦

(%) 𝑑
𝑝
(mm) 𝑓

𝑐
(MPa)

FP-control — — — — — — 0.185 0.185 —
36.7FP-PT-𝑥 493.5 — 1488 0.8 0.198 — 0.185 0.185 168

FP-PT-𝑥𝑦 493.5 493.5 1488 0.8 0.198 0.198 0.185 0.185 168
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Figure 3: Test setup.
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Figure 4: Simply supported flat plate under vertical point loading.

The deflection profiles for the specimens are shown in
Figure 6. The deflections obtained at nine locations were
analyzed at different loading stages. As shown in the figure,
large curvatures before the failure confirm that the failure
mechanism of the slabs was governed by flexure rather than
shear. In the case of the FP specimen, it was observed that
the deflection curve kept almost straight line at a load of
150 kN, and the deflection of the center began to increase
afterward.The deflection slope became sharper from a load of
450 kN. For both FP-PT-𝑥 and FP-PT-𝑥𝑦 specimens, similar
deflection curves were observed, which showed less deflec-
tions than the FP specimen. This is because posttensioning
contributed to the effective stress distribution.

3.2. Load-Carrying Capacity. The test results for maximum
load and deflection are summarized inTable 3.Themaximum
load of the FP-control specimen was approximately 520 kN,
while the maximum loads of FP-PT-𝑥 test specimen, a slab
in which the tendons were placed in one-way direction, and
FP-PT-𝑥𝑦 test specimen, a slab in which the tendons were
placed in two-way directions, were approximately 718 kN and
757 kN, respectively. For FP-PT-𝑥 specimen, the maximum
load was increased by 38% compared to the control speci-
men’s, while 45% increase was observed for FP-PT-𝑥𝑦 speci-
men. The load-displacement relations are shown in Figure 7.
The stiffness of all specimens was similar for a load up to
120 kN, where the initial flexural cracks occurred. However,
the posttensioned specimen showed greater stiffness after
the initial cracks. Remarkable differences were not observed
in terms of initial stiffness, maximum load, and ductility
behavior between FP-PT-𝑥 and FP-PT-𝑥𝑦. The maximum
load of FP-PT-𝑥𝑦 specimen, comparing with FP-PT-𝑥, was
increased by approximately 5%, while the displacement was

Table 3: Test results.

Specimen 𝑃 (kN) 𝛿 (mm) 𝑃PT/𝑃control 𝛿PT/𝛿control
FP-control 520.22 32.24 — —
FP-PT-𝑥 718.81 40.31 1.38 1.25
FP-PT-𝑥𝑦 756.72 42.71 1.45 1.32

reduced by approximately 6%. Although the case of which
tendons were placed in two-way directions showed more
effective behavior in regard to the crack patterns, the one-way
and two-way layouts of tendons did not affect significantly the
maximum load capacity and deflection.

The strains were measured at nine points of tension
rebars as shown in Figure 3. The load-strain relations are
presented in Figure 8. As shown in the figure, from the
applied load of 120 kN, the strain of rebars of FP-control
specimen increased rapidly, while the strain of rebars started
increasing dramatically from the applied load of 300 kN for
FP-PT-𝑥 and from 500 kN for FP-PT-𝑥𝑦 because the tension
rebar controlled the tensile cracks after the occurrence of
the flexural cracks on the concrete for FP-control specimen
while the tensile forces applied to the tendons controlled the
concrete’s tensile cracks for FP-PT specimens.

3.3. Load Capacity Prediction. Yield-line theory is an upper
bound solution which depends on pattern of yield lines
[13]. It is based on the failure mechanisms in reinforced
concrete slabs. The slab is idealized as a rigid body which
is connected together by yield lines. At the ultimate load,
the total plastic strain energy in the yield lines equated to
the external work done by the loads. In this paper, yield-
line analysis was performed to predict the ultimate flexural
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Figure 5: Continued.
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(g) Failure in FP-PT-𝑥𝑦 specimen

Figure 5: Crack patterns of the specimens.
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Figure 6: Deflection profiles of the specimens.

capacity of posttensioned flat plates [2, 14]. Figure 9 presents
the failuremechanism and the yield-lines pattern adopted for
this study. External work (𝐸) and internal work (𝐼) can be
computed from (2) and (3), respectively:

𝐸 = ∑𝑃𝛿 +∑𝜔
𝑑
𝐴
𝑑
𝛿
𝑐
, (2)

𝐼 = ∑𝑀
𝑝𝑥
𝜃
𝑥
𝑙
𝑦
+∑𝑀

𝑝𝑦
𝜃
𝑦
𝑙
𝑦
, (3)

where 𝑃 is failure load; 𝛿 is vertical displacement; 𝜔
𝑑
is self-

weight of the specimen; 𝐴
𝑑
is area of the failure mechanism;

𝜃 is rotation of the crack line; and 𝑙 is length of the crack line.
Failure load can be found based on assumption 𝐸 = 𝐼.

The internal work done by flexure and the external work
done by the failure load and self-weight of the slab have
been calculated. Table 4 summarizes the result of the failure
load analysis using yield-line theory. From the table, it can
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Table 4: Results of failure load.

Specimen 𝑃exp (kN) 𝑃cal. (kN) 𝑃exp/𝑃cal.
FP-control 520.22 504 1.03
FP-PT-𝑥 718.81 661 1.09
FP-PT-𝑥𝑦 756.72 688 1.10

be seen that the calculated failure load of 504 kN is in good
agreement with the experimental failure load 520 kN in FP-
control specimen. However, the yield-line theory tends to
relatively underestimate the failure loads for posttensioned
specimens. The difference between the experimental results
and calculated results is attributed to load carried by mem-
brane action of the slabs.

4. Conclusions

In this paper, the behavior of posttensioned concrete flat
plates has been investigated experimentally. Flexural tests
on three concrete flat plate specimens were performed to
examine the effect of the tendon layout type. The cracking
patterns, failure modes, strain, and maximum load were
analyzed. Test results were compared with the estimations
calculated by the yield-line theory.The following conclusions
were drawn from this study:

(1) For the posttensioned specimens, the cracks diago-
nally propagated towards near the edges of the flat
plates while the flexural cracks occurred intensively
near the center of the typical concrete flat plate.
And, for the test specimen where the posttension
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was not applied, failure occurred at relatively lower
load compared with the other two posttensioned
specimens’ results. The maximum loads for one-way
posttensioned and two-way posttensioned specimens
increased 38% and 45%, respectively. Based on these
results, the flexural behavior of the flat plate can
be improved by the application of posttensioning
regardless of the layouts of tendons.

(2) It was found that the increase of the maximum load
capacity was not affected by tendon layouts even
though the tendons were placed in two directions,
since the maximum load and deflection of the spec-
imens, in which the tendons were placed in two-way
directions, were greater by 5% and 6%, respectively,
than the one placed in one-way direction. However,
the flexural cracks were observed evenly all over
the slabs where the tendons were placed in two
directions, and several deep cracks were observed in
the case of which the tendons were placed in one-way
direction compared to those in two-way directions
when the crack growth was compared on the surface.
Consequently, the placement of tendons in two-way
directions is more effective in terms of crack control.

(3) The yield-line theory was applied in order to pre-
dict the maximum load of posttensioned flat plates.
Comparing with the test results, the calculations by
the yield-line theory estimated the maximum loads
on average of 93%. However, it tended to relatively
underestimate the prediction for the posttensioned
slabs because themembrane action resulting from the
posttensioning was not considered sufficiently.
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A novel magnetorheological material defined as magnetorheological Silly Putty (MRSP) is prepared by dispersing soft magnetic
particles into Silly Putty matrix with shear stiffening property. Static mechanical properties including creep and stress relaxation
and dynamic rheological properties of MRSPs are tested by rheometer.The experimental results indicate that the external magnetic
field exerts significant influence on the creep and relaxation behaviors. Moreover, the storage modulus of MRSPs increases sharply
in response to the external stimuli of increasing angular frequency automatically and can be enhanced by external magnetic field.
Besides, temperature plays a key role in shear stiffening and magnetorheological effect of MRSPs. Furthermore, considering the
obstruction to the particle chains formation induced by Silly Putty matrix, a nonperforative particle aggregated chains model is
proposed. The model curve is in consistency with experimental data, which means it can describe magnetoinduced behavior of
MRSPs well.

1. Introduction

Silly Putty is an intelligentmaterial that exhibits obvious shear
stiffening property. It can be easily kneaded,much like dough,
into any shape desired. However, if a shock or impulsive
load is applied to the putty, it will stiffen and even shatter.
In rheological terms the experimenter is distorting the Silly
Putty over a range ofDeborahnumbers.This nondimensional
parameter describes the ratio of the fluid relaxation time
scale to that of the experimental time scale. A high Deborah
number therefore corresponds to a fast experiment in which
the load or impulse is applied over a very short time scale.Due
to its unique rheological property, Silly Putty is becoming a
promising material for a special damper called shock trans-
mission unit (STU) widely used in multispan bridge [1].

Shear stiffening property of Silly Putty has been inves-
tigated by many researchers. Cross [2] proposed a three-
element parameter model to describe the compression of
Silly Putty at different compression speeds; Goertz et al. [3]
developed a mechanical model for Silly Putty based on three
Maxwell elements in parallel to study the influence of the
temperature on the rheological property and found that the

mechanical properties shifted significantly with temperature.
Wang et al. [4, 5] prepared a novel shear stiffening gel (STG)
with polydimethylsiloxane (PDMS), boric acid, benzoyl per-
oxide (BPO), and different additives such as calcium carbon-
ate and carbon nanotube. The stiffening mechanism of STG
was also explained in respect of chemical bond.

Magnetorheological materials are a class of smart materi-
als that have usually been prepared by dispersing magnetic
particles into different polymer matrices. The mechanical
properties of magnetorheological materials can be controlled
by an externally imposed magnetic field. Due to the con-
trollable rheological property, magnetorheological materials
have thus been widely applied in dampers, isolators, and dif-
ferent vibration controllers. However, most solid-state mag-
netorheological materials cannot present considerable tun-
ability. Interestingly, on the basis of the fabricated STG,Wang
et al. [6, 7] firstly developed a magnetically responsive shear
stiffening gel with excellent shear stiffening performance and
magnetorheological effect. This novel magnetically respon-
sive shear stiffening gel could provide credible tunability with
external stimuli.
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Besides, some theoretical models have also been devel-
oped to describe the magnetoinduced behavior of magne-
torheological materials. Jolly et al. [8] proposed a dipole
model based on the magnetic interactions between two adja-
cent particles. Shen et al. [9] presented amathematical model
to represent the stress-strain relationship of magnetorheo-
logical elastomer. The model considered all the dipole inter-
actions in a chain and the nonlinear properties of the host
composite. Chen et al. [10] developed a finite-column model
to describe the relationships between themicrostructures and
the viscoelastic properties. However, for magnetorheological
Silly Putty (MRSP) of soft magnetic particles dispersing in
Silly Putty matrix, when external magnetic field strength
increases, the internal structure changes unlike that of mag-
netorheological elastomers, and the chain structures are not
pulling through like magnetorheological fluids.

In this work, several MRSP samples were prepared by
dispersing carbonyl iron particles into Silly Putty matrix.
Both static and dynamic mechanical properties were tested
by rheometer. The static mechanical testing indicated that
MRSPs exhibit obvious creep and stress relaxation behaviors
and external magnetic field strength plays a key role in creep
compliance and relaxation modulus. The dynamic mechan-
ical testing revealed that MRSPs display both good shear
stiffening property and high magnetorheological effect; fur-
thermore, influence factors of mechanical properties for
MRSPs including temperature and particle concentration
were analyzed. Finally, a nonperforative particle aggregated
chains model considering the obstruction to the particle
chains formation induced by Silly Putty matrix was proposed
to describe magnetoinduced behavior of MRSPs. Due to
the tunable shear stiffening and magnetorheological effect,
MRSPs are candidates for applications in dampers and STUs
widely used in vibration control of buildings and bridges.

2. Experimental Section

2.1. Materials. Dow Corning 3179 Dilatant Compound pur-
chased from Dow Corning Co., Ltd. was used as the Silly
Putty matrix.The composition of the silicone material was as
outlined in Table 1. The soft magnetic particles carbonyl iron
(CI) of average size 3.5 𝜇mwas purchased from JiangsuTianyi
Ultra-Fine Metal Powder Co., Ltd., Xuyi, China.

2.2. Preparing and Testing the MRSPs. The dilatant com-
pound asmatrix and different volume fractions of CI particles
as fillers were homogeneously mixed by a two-roll mill
(Nantong Hailite Rubber Machinery Inc., China, model XK-
160) at room temperature. Formechanicalmixingmethod, up
to six different volume fractions had been considered in this
study: 0, 6.98, 10.11, 15.84, 20.80, and 27.29% and the prepared
samples were marked as MRSP-0, MRSP-1, MRSP-2, MRSP-
3, MRSP-4, and MRSP-5 in sequence. For particle filled
materials like MRSPs, dispersion quality is crucial in the rhe-
ological properties [11].Therefore, in thiswork,Hitachi S4800
scanning electron microscope (SEM) was used to observe
the internal microstructure of MRSPs. MRSP sample and the
SEM image are displayed in Figure 1. It can be obtained that
CI particles are uniformly dispersed in Silly Putty matrix

Table 1: The composition of Silly Putty matrix.

Composition Weight percentage
PDMS 65%
Silica 17%
Thixotrol 9%
Boric acid 4%
Glycerine 1%
Titanium dioxide 1%
Dimethyl cyclosiloxane 1%

approximately and MRSP sample presents isotropic feature
due to great mechanical force provided by milling roller XK-
160.

Static mechanical properties including creep and stress
relaxation and dynamic rheological properties were carried
out using a commercial rheometer (PhysicaMCR 302, Anton
Paar Co., Austria). During the testing procedure, a parallel
plate PP20 with a diameter of about 20mm was used and
the gap of 1mm was kept all the time. At the same time, a
controllable magnetic field was generated by an external coil.
Besides, all the testing samples were kept at approximately the
same volume value. Most of all, as a kind of rate-dependent
material, MRSPs exhibit obvious transition from polymeric
fluids on the condition of static state or low shear rate to solid-
like polymers under high shear rate. Furthermore, the applied
shear strainwas very small, especially for dynamic testing, the
shear strain was only 0.1%. So, no matter for polymeric fluid
state or solid-like state of MRSPs, the fracture or wall-slip
effects were not considered in this work.

3. Results and Discussion

3.1. Creep and Relaxation Behavior of MRSPs. Figures 2(a)
and 2(b) show the creep characteristic of MRSP-4 on the
condition of different initial stress and zero magnetic field
at room temperature. Creep phase (0–300 s) and recovery
phase (300–900 s) are explicitly demonstrated in Figure 2(a).
MRSP presents more obvious deformation (maximum strain
20.6% of 300 Pa) but lower creep compliance with higher
initial stress as shown in Figure 2(b). In the creep phase, creep
compliance 𝐽(𝑡) of MRSP increases with time gradually.

Figures 3(a) and 3(b) show the effect of different external
magnetic field strength on creep characteristic of MRSP-4
with the initial stress 300 Pa. It proves that external magnetic
field strength can substantially confine creep deformation
and creep compliance of MRSP. With an external magnetic
field of 23.9 kA/m, the maximum strain sharply decreases to
only 0.375% comparingwith the value 20.6%of zeromagnetic
field. That is because CI particles arrange in chain structure
with external magnetic field, thus inducing the generation of
magnetoinduced modulus which contributes to the recipro-
cal of creep compliance 𝐽(𝑡).

Relaxation modulus of MRSP-4 as a function of time
under different initial strain and external magnetic field
strength is displayed in Figures 4(a) and 4(b), respectively.
Without external magnetic field, MRSP exhibits obvious
relaxation behavior especially under larger initial strain.
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Figure 1: Prepared MRSP sample and SEM image of internal microstructure.
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Figure 2:The creep characteristic of MRSP-4 on the condition of different initial stress and zero magnetic field: (a) creep and recovery phase
and (b) creep compliance in creep phase.

Taking initial strain of 3.5% as example, relaxation modulus
falls from 507 kPa to 95.8 kPa in less than one second. Besides,
as shown in Figure 4(b), external magnetic field can improve
relaxation modulus but delay the starting time of relaxation
behavior. Interestingly, with the increasing external magnetic
field strength, relaxation modulus increases with time firstly
and then decreases to generate relaxation. When the external
magnetic field strength reaches 156 kA/m, the relaxation
would not generate until time of 1 s.

3.2. Shear Stiffening Property of MRSPs. The MRSP exhibits
apparent temperature dependent property. The response of
storage modulus𝐺 to a change in shear angular frequency 𝜔
forMRSP-4 at different temperature is shown in Figure 5.The
angular frequency is applied from 1 to 100 rad/s. When the
angular frequency is increased, the shear rate on the MRSP
also increases. As the temperature decreases, the storage
modulus increases more rapidly within a certain angular fre-
quency (0–20 rad/s) that demonstrates excellent shear stiffen-
ing property. To quantify the shear stiffening property, abso-
lute shear stiffening effect (ASTe) and relative shear stiffening

effect (RSTe) referring to characterization of magnetorheo-
logical effect [6] are introduced in (1). 𝐺max is the maximum
storage modulus of MRSP-4 induced by the shear angular
frequency and𝐺min is the initial storage modulus.The details
about MRSP-4 at different temperature are listed in Table 2:

ASTe = 𝐺


max − 𝐺


min,

RSTe% =
𝐺


max − 𝐺


min
𝐺min

× 100%.

(1)

MRSP-4 displays maximum ASTe 0.805MPa at 10∘C and
maximum RSTe 6600% at 60∘C as shown in Table 2. Due to
the larger initial storage modulus at lower temperature, RSTe
ofMRSP increases with increasing temperature, but the ASTe
is on the contrary.

Figure 6(a) shows the shear stiffening property of differ-
ent CI contents of MRSPs at temperature 25∘C. The storage
modulus of all the testing samples increases with increasing
angular frequency from 0.1 rad/s to 100 rad/s which indicates
thatMRSPs become stiffer under application of external shear
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Figure 3:The creep characteristic of MRSP-4 on the condition of different external magnetic field strength and the same initial stress 300 Pa:
(a) creep and recovery phase and (b) creep compliance in creep phase.
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Figure 4:The relaxation property ofMRSP-4 (a) on the condition of different initial strain (b) on the condition of different external magnetic
field strength.

stress. On the condition of no external magnetic field, CI par-
ticles only play a role in reinforcing the Silly Putty matrix and
enhance the storagemodulus ofMRSPs.The storagemodulus
of the MRSP-4 as a function of angular frequency at different
magnetic field strength is shown in Figure 6(b). The shear
stiffening property can be controlled through the external
magnetic field due to the formation of magnetic chains of

CI particles in MRSP. All the relevant details to quantify the
shear stiffening effect ofMRSP from Figures 6(a) and 6(b) are
listed in Table 3.

Pure Silly Putty MRSP-0 displays maximum RSTe and
MRSP-5 with CI volume fraction of 27.29% exhibits maxi-
mum ASTe as shown in Table 3. Due to the reinforcing effect
of CI particles, more soft magnetic fillers can induce larger
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Table 2: 𝐺max, 𝐺


min, ASTe, and RSTe% of MRSP-4 in the angular
frequency scanning test at different temperatures.

Temperature 𝐺


max/MPa 𝐺


min/MPa ASTe/MPa RSTe%
10∘C 0.878 0.073 0.805 1102.74%
20∘C 0.594 0.029 0.565 1948.28%
40∘C 0.326 0.006 0.320 5333.33%
60∘C 0.201 0.003 0.198 6600.00%

0 20 40 60 80 100
Angular frequency 𝜔 (rad/s)

Temperature 10∘C
Temperature 20∘C

Temperature 40∘C
Temperature 60∘C

0.0

0.2

0.4

0.6

0.8

1.0

St
or

ag
e m

od
ul

us
G


(M

Pa
)

Figure 5: The effect of temperature on shear stiffening property for
MRSP-4.

initial storage modulus at 0.1 rad/s which contribute to the
descending RSTe. Meanwhile, when the external magnetic
field strength is 23.9 kA/m, the ASTe of MRSP-4 with CI
volume fraction of 20.8% reaches to 1.01MPa. But as the

magnetic field strength is increased, both ASTe and RSTe
decrease.Therefore, it can be concluded that the state of larger
magnetic field strength is not conducive to the shear stiffening
property of MRSP, but lower magnetic field strength can
improve ASTe of MRSP.

Overall, MRSP is a dilatant material where the viscosity
increases faster than the strain rate. There are two mecha-
nisms (and hence two characteristic time scales) at work in
this material [1, 12]. The high molecular weight PDMS has a
characteristic polymeric relaxation time 𝜆relax. However due
to the boric acid there are also transient boron mediated
“crosslinks” arising from associating boron linkages. These
act to give theMRSP a behaviormore like an elastic solid than
a liquid. However since these “crosslinks” are dynamic (with
a characteristic time 𝜆assoc, i.e., much shorter than 𝜆relax) the
material is not permanently locked in place and can conse-
quently flow under the correct conditions. Therefore at time
scales longer than 𝜆assoc theMRSP behaves like a highmolec-
ular weight polymeric fluid (with a characteristic relaxation
of 𝜆relax). Over time scales much shorter than 𝜆assoc MRSP
behaves like a crosslinked elastic solid.

The mechanisms of shear stiffening behind MRSPs are
very complex, but our goal here is to discover a relatively
simple function to accurately fit the storage modulus versus
angular frequency at different temperature, CI contents, and
external magnetic field strength. Galindo-Rosales et al. [13,
14] used an apparent viscosity function with 11 parameters to
describe the three characteristic regions of shear thickening
fluid (STF), including the slight shear thinning at low shear
rates, followed by a sharp increase in viscosity over the critical
shear rate, and a subsequent, but pronounced, shear thinning
region at high shear rates. Furthermore, Tian et al. [15]
proposed a modified model shown in (2) to overcome the
drawback of 11 parameters function that if any 𝑛

1
, 𝑛
2
, or 𝑛
3
was

a decimal, the value in the bracketmust be positive; otherwise
the equation failed:

𝜂 (�̇�) =

{{{{{{{{{

{{{{{{{{{

{

𝜂
1
(�̇�) = 𝜂

𝑐
+

𝜂
0
− 𝜂
𝑐

1 +
[𝐾1 (�̇�

2
/ (�̇� − �̇�

𝑐
))]



𝑛
1
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𝑐
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𝜂
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𝜂
𝑐
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1 +
[𝐾2 ((�̇� − �̇�

𝑐
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1 +
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𝑛
3

, �̇�max ≤ �̇�.

(2)

A new function is proposed in (3) through imitating
part of (2) to describe the shear stiffening property of
MRSPs. In (3), 𝐺min represents the storage modulus at initial
experimental angular frequency 𝜔min; 𝐺



max represents the
maximum storage modulus at final experimental angular
frequency 𝜔max; parameter 𝑛 refers to the slope of the
shear stiffening behavior in log-log plot; parameter 𝐾 is
responsible for the ratio of changed storage modulus induced
by frequency to the initial storage modulus (RSTe); finally,
parameter𝐴 is introduced to overcome the shortcoming that

the final experimental point (𝜔max, 𝐺


max) in curves cannot be
fitted:

𝐺


(𝜔)

= 𝐺


max

−
𝐺


max − 𝐺


min

1 +
[𝐾 ((𝐴𝜔 − 𝜔min) / (𝐴𝜔 − 𝜔max)) 𝜔]


𝑛
.

(3)
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Table 3: 𝐺max, 𝐺


min, ASTe, and RSTe% of MRSPs obtained from Figure 6.

Samples 𝐺


max/MPa 𝐺


min/MPa ASTe/MPa RSTe%
MRSP-0 0.369 0.000475 0.368525 77584.21%
MRSP-1 0.439 0.001180 0.437820 37103.39%
MRSP-2 0.486 0.001800 0.484200 26900.00%
MRSP-3 0.556 0.002840 0.553160 19477.46%
MRSP-4, 0 kA/m 0.617 0.014200 0.602800 4245.07%
MRSP-4, 23.9 kA/m 1.30 0.29 1.01 348.28%
MRSP-4, 65.5 kA/m 1.75 1.07 0.68 63.55%
MRSP-4, 114 kA/m 1.87 1.28 0.59 46.09%
MRSP-5 0.658 0.043500 0.614500 1412.64%
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Figure 6: The storage modulus of MRSPs as a function of angular frequency at 25∘C (a) different CI contents and (b) different external
magnetic field strength for MRSP-4.

Figure 7 shows the fitting curves of all the angular
frequency scanning testing data on the condition of differ-
ent temperature, CI contents, and external magnetic field
strength. It is obvious that (3) fits to the experimental results
perfectly. Levenberg-Marquardt algorithm (LMA) is applied
in all the fitting procedures. This algorithm combines the
Gauss-Newton and steepest descent methods to obtain the
values of the parameters by an iterative chi-square minimisa-
tion technique. Fitting is considered to have converged when
the difference between the𝑋2 values obtained in two succes-
sive iterations is smaller than a given tolerance, chosen here
as 10−10.

Table 4 lists all the fitting values of parameters in (3).
It is observed from related coefficient 𝑅 that a high fitting
precision is obtained in each fitting result. From each section,
parameter 𝐾 is inversely proportional to the value of RSTe;
interestingly, when there is an external magnetic field applied
(Section III), due to higher initial storage modulus and lower
changed storage modulus, parameter 𝐾 increases with the
value magnetic field strength obviously. Parameter 𝑛 reflects

the slope of shear stiffening behavior. In log-log plot, the slope
difference in each section is not very distinct which leads to
tiny change or even the same values of parameter 𝑛. Besides,
parameter 𝐴 is relatively independent of experimental data
that means the value changes a little in each section.

3.3. Magnetorheological Property of MRSPs. MRSP is also a
novel magnetorheological material whose mechanical prop-
erties are highly dependent on the externally applied mag-
netic field. Figure 8 shows the response of storage modulus
to a change in magnetic flux density for MRSP-4 at different
temperature. The angular frequency applied on MRSP-4 is
10 rad/s and magnetic flux density increases from 0T to
0.894 T. Similar to its shear stiffening property, magnetorhe-
ological effect of MRSP is also influenced by temperature.
Meanwhile, absolute magnetorheological effect (AMRe) and
relative magnetorheological effect (RMRe) are introduced
in (4) to quantify the magnetorheological property. 𝐺max
is the maximum storage modulus of MRSP-4 induced by
the external magnetic field and 𝐺



min is the initial storage



Advances in Materials Science and Engineering 7

Table 4: All the fitting values of parameters.

Section Samples Experimental condition RSTe% 𝐾 𝐴 𝑛 𝑅

Section I MRSP-4

10∘C, 1–100 rad/s 1102.74% 2.479 1.20025 0.801 0.99982
20∘C, 1–100 rad/s 1948.28% 0.778 0.95077 0.729 0.99998
40∘C, 1–100 rad/s 5333.33% 0.064 1.00956 0.675 0.99961
60∘C, 1–100 rad/s 6600.00% 0.029 1.00036 0.624 0.99902

Section II

MRSP-0 25∘C, 0.1–100 rad/s 77584.21% 0.164 0.902 0.735 0.99942
MRSP-1 25∘C, 0.1–100 rad/s 37103.39% 0.503 0.902 0.735 0.99994
MRSP-2 25∘C, 0.1–100 rad/s 26900.00% 0.903 0.902 0.735 0.99926
MRSP-3 25∘C, 0.1–100 rad/s 19477.46% 2.210 0.902 0.735 0.99985
MRSP-4 25∘C, 0.1–100 rad/s 4245.07% 23.459 0.902 0.735 0.99993
MRSP-5 25∘C, 0.1–100 rad/s 1412.64% 227.545 0.902 0.735 0.99959

Section III MRSP-4
0.1–100 rad/s, 23.9 kA/m 348.28% 18.044 0.5 0.621 0.99956
0.1–100 rad/s, 65.5 kA/m 63.55% 26.951 0.5 0.621 0.99966
0.1–100 rad/s, 114 kA/m 46.09% 34.681 0.5 0.621 0.99876
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Figure 7: Fitting curves of all the experimental data.

modulus. The details obtained from Figure 8 are listed in
Table 5:

AMRe = 𝐺


max − 𝐺


min,

RMRe% =
𝐺


max − 𝐺


min
𝐺min

× 100%.

(4)

The overall trends displayed in Table 5 are similar to those
presented in Table 2. When the temperature is increased,
RMRe of MRSP-4 enhances significantly, but the AMRe is on
the contrary. Higher temperature can soften the Silly Putty
matrix, thus inducing the lower initial storage modulus and
less resistance to the regular arrangement of CI particles.

Table 5:𝐺max,𝐺


min, AMRe, and RMRe% ofMRSP-4 with externally
applied magnetic field at different temperatures.

Temperature 𝐺


max/MPa 𝐺


min/MPa AMRe/MPa RMRe%
10∘C 2.17 0.754 1.416 187.80%
20∘C 1.59 0.422 1.168 276.78%
40∘C 1.25 0.109 1.141 1046.79%
60∘C 1.01 0.00242 1.00758 41635.54%
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Figure 8:The effect of temperature onmagnetorheological property
for MRSP-4.

Figures 9(a) and 9(b) show the magnetic field-dependent
storage modulus of MRSPs with different CI contents at
angular frequency 20 rad/s and 100 rad/s, respectively. These
experimental curves demonstrate that there is a tendency for
the storagemodulus ofMRSPs to increasewith the increase of
themagnetic flux density firstly and then saturatewith further
increases of the magnetic flux density. CI content is observed
from Table 6 to have direct influence on AMRe of MRSPs,
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Table 6: 𝐺max, 𝐺


min, AMRe, and RMRe% of MRSPs with externally applied magnetic field at different angular frequencies.

Angular frequency Samples 𝐺


max/MPa 𝐺


min/MPa AMRe/MPa RMRe%

20 rad/s

MRSP-1 0.485 0.356 0.129 36.23%
MRSP-2 0.686 0.400 0.286 71.5%
MRSP-3 1.61 0.652 0.958 146.93%
MRSP-4 2.36 0.746 1.614 216.35%
MRSP-5 2.75 1.08 1.670 154.63%

100 rad/s

MRSP-1 0.775 0.543 0.232 42.73%
MRSP-2 1.01 0.680 0.330 48.53%
MRSP-3 1.58 0.886 0.694 78.33%
MRSP-4 1.97 1.000 0.970 97%
MRSP-5 2.96 1.450 1.510 104.14%
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Figure 9: The storage modulus of MRSPs as a function of magnetic flux density at 25∘C (a) angular frequency 20 rad/s and (b) angular
frequency 100 rad/s.

which means that higher CI content induces greater AMRe.
The magnetoinduced storage modulus is mainly attributed
to the particle chains formed under external magnetic field.
However, greater AMRe is not certain to keep up with higher
RMRe. For example, when the applied angular frequency is
20 rad/s, AMRe of MRSP-4 is 1.614MPa less than that of
MRSP-5, but RMRe of MRSP-4 reaches to maximum value
of 216.35%. Moreover, it can also be concluded that mag-
netorheological effect of MRSPs on lower shear rate state is
greater than that of higher shear rate state.

3.4. Modelling on Magnetoinduced Behavior. Before applying
external magnetic field, CI particles are homogeneously
dispersed in Silly Putty matrix, but when there is an exter-
nal magnetic field applied, particles are arranged in chain
structure instantaneously as shown in Figure 10. In the chain
structure, CI particles are simplified to spherical particles
with the radius𝑅 and the additional acting force between two
particles caused by magnetic field leads to the increment of

the storage modulus. However, the viscosity of Silly Putty
matrix is much larger than general liquids which can cause
tremendous obstruction to the formation of pulling-through
particle chains. So a nonperforative particle aggregated chains
model is displayed in Figure 10 to explain the magnetoin-
ducedmechanism. In themodel,MRSP is divided into several
square columnswith the length of side 2𝑅 and the height ℎ. At
zeromagnetic field strength, particles are randomly dispersed
in each square column and MRSP exhibits isotropy. When a
low magnetic field is applied, particles aggregate to several
apart chains along the direction of magnetic field in each
square column with different length 𝑑

𝑖
and the total length

of the chains included in a square column can be marked as
∑𝑑
𝑖
.The chains in parallel are sparse due to the lowmagnetic

field strength. However, when the magnetic field strength
increases, the aggregated chains in each square column turn
unstable and a small disturbance (shearing) may drift some
particles in a square column away to aggregate to another
apart chain in a new square column. So the chains in parallel
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Figure 10: Schematic diagram of chain-formation mechanism
for MRSPs under magnetic field and the nonperforative particle
aggregated chains model.

become close and even to form particle columns extremely,
but the total chains length in a square column becomes short.

For the square columns, the effective permeability 𝜇sceff
can be calculated by using Maxwell Garnett mixing rule as
[16, 17]

𝜇sceff = 𝜇CI + 2𝜙𝜇SP
𝜇CI − 𝜇SP

𝜇CI + 𝜇SP − 𝜙 (𝜇CI − 𝜇SP)
, (5)

where 𝜇CI and 𝜇SP are the relative permeability of CI particles
and Silly Putty matrix, respectively. 𝜙 is the particles volume
fraction in each square column. In the granular basic unit, the
volume fraction𝑓 can be calculated as𝑓 = (4/3)𝜋𝑅

3
/(2𝑅)
3
=

𝜋/6. So 𝜙 can be expressed as below:

𝜙 =
∑𝑑
𝑖

ℎ
𝑓 =

𝜋∑𝑑
𝑖

6ℎ
, (6)

where ∑𝑑
𝑖
/ℎ is relevant to external magnetic field strength.

Besides, if𝜙sc is the volume fraction of the square columns
in MRSP and can be expressed as

𝜙sc =
𝜙
𝑝

𝜙
=

6ℎ𝜙
𝑝

𝜋∑𝑑
𝑖

, (7)

where 𝜙
𝑝
is the particles volume fraction in MRSP.

So, the effective permeability 𝜇eff along the direction of
square columns can be calculated as follows according to the
parallel connection rule [18, 19] and (5)–(7):

𝜇eff = 𝜇sceff𝜙sc + 𝜇SP (1 − 𝜙sc)

= 𝜇SP

+ 2𝜙
𝑝
𝜇SP

𝜇CI − 𝜇SP
𝜇CI + 𝜇SP − (𝜋∑𝑑

𝑖
/6ℎ) (𝜇CI − 𝜇SP)

.

(8)

When shear strain is applied onMRSP under the external
magnetic field, the relative permeability of MRSP changes

which can induce the generation of additional force, that is,
magnetoinduced shear stress. The magnetoinduced shear
stress can be expressed as

𝜏
𝑚
= −

1

2
𝜇
0

𝜕𝜇eff
𝜕𝛾

𝐻
2

0
, (9)

where 𝜇
0
is the vacuum permeability, 𝛾 is the shear strain,

and𝐻
0
is the external magnetic field. The shear strain can be

marked as

𝛾 =
Δ

ℎ
. (10)

The magnetoinduced shear stress can be obtained by substi-
tuting (8) and (10) into (9) as

𝜏
𝑚
=

𝜋∑𝑑
𝑖

6ℎ
⋅
𝜇
0
𝜇SP𝜙𝑝

𝛾

⋅
(𝜇CI − 𝜇SP)

2

[𝜇CI + 𝜇SP − (𝜋∑𝑑
𝑖
/6ℎ) (𝜇CI − 𝜇SP)]

2
𝐻
2

0
.

(11)

The magnetoinduced shear modulus can be calculated as

Δ𝐺 =
𝜏
𝑚

𝛾

=
𝜋∑𝑑
𝑖

6ℎ
⋅
𝜇
0
𝜇SP𝜙𝑝

𝛾2

⋅
(𝜇CI − 𝜇SP)

2

[𝜇CI + 𝜇SP − (𝜋∑𝑑
𝑖
/6ℎ) (𝜇CI − 𝜇SP)]

2
𝐻
2

0
.

(12)

Therefore, the storage modulus 𝐺 can be calculated as
below:

𝐺

= 𝐺


min + Δ𝐺


= 𝐺


min +
𝜋∑𝑑
𝑖

6ℎ
⋅
𝜇
0
𝜇SP𝜙𝑝

𝛾2

⋅
(𝜇CI − 𝜇SP)

2

[𝜇CI + 𝜇SP − (𝜋∑𝑑
𝑖
/6ℎ) (𝜇CI − 𝜇SP)]

2
𝐻
2

0
.

(13)

Furthermore, the relative permeability of CI particles 𝜇CI
is the function of external magnetic field strength, which can
be obtained from Frohlich-Kennelly equation [20]:

𝜇CI (𝐻0) = 1 +
(𝜇
0
− 1)𝑀

𝑠
/𝐻
0

(𝜇0 − 1) +𝑀
𝑠
/𝐻
0

, (14)

where 𝜇0 is the relative permeability of CI particles at zero-
field strength and 𝑀

𝑠
is the magnitude of the saturation

magnetization.
Besides, the variable ∑𝑑

𝑖
/ℎ can be seen as the function

of external magnetic field strength, and the possible function
can be expressed as below, and 𝑎, 𝑏, and 𝑐 are the parameters:

∑𝑑
𝑖

ℎ
= 𝑎 + 𝑏 ⋅ 𝑒

𝑐⋅𝐻
0 . (15)
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Figure 11: (a) 𝐺-𝐵 curves of MRSPs based on the nonperforative particle aggregated chains model. (b) The trend of variable ∑𝑑
𝑖
/ℎ with

magnetic flux density 𝐵.

From (13) to (15), the vacuum permeability 𝜇
0
is 4𝜋 ×

10
−7H/m and the relative permeability of Silly Putty 𝜇SP is

1. Besides, for CI particles, the relative permeability at zero-
field strength 𝜇

0 is 70 and the magnitude of the saturation
magnetization𝑀

𝑠
reaches 1360 kA/m [21]. Furthermore, the

applied shear strain 𝛾 is 0.1%.Therefore, according to the non-
perforative particle aggregated chains model, taking MRSP-
2, MRSP-3, and MRSP-4 for example (𝜔 = 20 rad/s), the
𝐺
-𝐵 curves are displayed in Figure 11(a) comparing with the

experimental data. The model curves agree well with exper-
imental data which indicates that single-chain aggregation
model can describe magnetoinduced mechanical behavior
well. From Figure 11(a), the variation trend of ∑𝑑

𝑖
/ℎ as a

function ofmagnetic field strength is shown in Figure 11(b). It
is obvious that larger particle volume fraction induces larger
value of ∑𝑑

𝑖
/ℎ due to more particles in each square column.

However, variable∑𝑑
𝑖
/ℎ is a decreasing function ofmagnetic

field strength which is in consistency with the description in
the front.

4. Conclusions

In this work, the multifunctional composite MRSPs with
shear stiffening property and magnetorheological property
were prepared. Both static mechanical behaviors including
creep and relaxation and dynamic rheological behavior were
investigated by rheometer. Firstly, MRSPs exhibited obvious
creep and relaxation behavior, but a low external magnetic
field strength (23.9 kA/m) could substantially confine creep
deformation and creep compliance of MRSPs (strain of
MRSP-4 from 20.6% to 0.375%);moreover, externalmagnetic
field could improve relaxationmodulus but delay the starting

time of relaxation behavior. Secondly, in dynamic experi-
ments, the storage modulus 𝐺 of MRSPs changed sharply
under the stimuli of shear forces with increasing angular fre-
quency, which presented good shear stiffening effect; further-
more, the storage modulus 𝐺 could be enhanced by stimuli
of external magnetic field, which exhibited typical magne-
torheological effect; besides, both shear stiffening effect and
magnetorheological effect were influenced by temperature,
CI volume fraction, and external magnetic field strength.
A modified parameter model and a nonperforative particle
aggregated chains model which agreed well with experimen-
tal data were established, respectively, to describe the shear
stiffening and the magnetoinduced behaviors perfectly.
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The creep phenomenon of hardening cement paste mixed with an expansive additive was modeled by considering the creep
performance of hydration products of cement and expansive additive. A new composite model that is appropriate for particle
conditions is proposed by considering the balance of the hydration products of cement and expansive additive and the stress
redistribution phenomenon of hydration products newly generated by the progress of hydration.The creep of mortar and concrete
mixed with the expansive additive was evaluated using a composite model of the paste and aggregate. Under the assumption that
the modeled creep deformation is proportional to the stress and the gel volume of the hydration products, which allows the law of
superposition to be applied, the distribution stress was predicted by applying the step-by-step method at each time increment. By
predicting the maximum tensile stress applied to an inner steel ring through a creep analysis based on the measured deformation
of the inner steel ring, it is possible to predict the stress progression with age to some degree.

1. Introduction

Stress occurs within concrete under various constraints. If
this stress exceeds the allowable limit, cracks may be gener-
ated in the concrete. Such cracks facilitate the penetration of
salt or acid, which leads to the corrosion of the internal rebar
and in turn decreases the internal strength and durability of
the structures [1, 2]. In particular, cracks that form before the
public use of the structuremay initiate functional or aesthetic
degradation even below the allowable crack width of the
design.Thus, the demand to reduce shrinkage cracks in rein-
forced concrete structures has increased in recent years [1–3].
Concrete experiences strain under a certain stress condition
called creep; this decreases the stress, which must be taken
into account. Hence, identifying the creep performance is
crucial to calculating the stress in concrete and should not
be overlooked during the design process [4–6]. Under these
circumstances, the use of expansive additives has increased as
a countermeasure against cracking due to concrete shrinkage,
and the material characteristics of concrete mixed with

expansive additives have been widely studied [7–11]. How-
ever, only a few studies have focused on creep. Thus, the
available literature is insufficient for a quantitative evaluation
of the creep performance.

In this study, the creep of hardening cement paste mixed
with an expansive additive was modeled to estimate the
constrained stress of expansive mortar and calculate changes
in this stress.

2. Composite Creep Modeling

2.1. Composite CreepModel of Hardening Cement Paste Mixed
with Expansive Additive. The creep of hardening cement
paste mixed with an expansive additive [12, 13] was modeled
by following the creepmodel for normal concrete of Lokhorst
and van Breugel [14] and Maruyama [15]. Figure 1 shows the
composite creep model of the hardening cement paste mixed
with expansive additive. In this model, the hydration product
of the expansive additive inside the hardening paste provides
resistance and balance against the hydration product of the
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Figure 1: Composite creep model of the cement paste mixed with expansive additive.

cement. Only the cement and expansive additive hydration
products are assumed to exhibit creep, and the creep proper-
ties and conditions of these hydration products are assumed
to be uniform temporally and spatially. The model assumes
that the unhydrated cement and expansive additive are solids
with a uniform elastic modulus and that the moisture inside
the capillary does not share the burden of stress.

The cement paste mixed with expansive additive con-
sists of water, hydration products, unhydrated cement, and
unhydrated expansive additive, as shown in Figure 1. During
the hydration process, the radius of the original cement and
expansive additive particle 𝑟

0
decreases to 𝑟

𝑢
with a decreas-

ing amount of water. At the same time, the amount of hydra-
tion products increases, which increases the radius of the out-
ermost hydration product 𝑅

𝑡
. The figure shows the hydration

products generated during this process in the form of an
element of a bar based on the work of Lokhorst and van
Breugel [14] and Maruyama et al. [15, 16]. The inserted ele-
ments of hydration products are assumed to increase because
of the increase in the outermost radius 𝑅

𝑡
, and an element is

inserted every time the contact area 𝐴
𝑐
changes by 1%. Here,

𝐴
𝑐
was assumed to be a parameter for the formation of the

paste structuremixedwith expansive additive, and it depends
on the hydration rate. The existing concept of the contact
area according to the Computational Cement Based Material
(C-CBM) model [15] was proposed by Maruyama and is
introduced and modeled here. As hydration progresses,

the contact area between particles increases because of the
collision between particles. 𝐴

𝑐
depends on the radius of the

hydration products and can be expressed as follows [12, 15]:
Case of 0.5 ≤ 𝑅

𝑡
< √2/2:

𝐴
𝑐
= 𝜋 (𝑅

𝑡

2
− 0.5
2
) . (1)

Case of√2/2 ≤ 𝑅
𝑡
< √3/2:

𝐴
𝑐
= 8

[

[

[

1

2

(𝑅
𝑡

2
− 0.5
2
)

⋅ (

𝜋

4

− 𝐴cos ( 0.5

√𝑅
𝑡

2
− 0.5
2

))

+ 0.25√𝑅
𝑡

2
− 0.5

]

]

]

.

(2)

Similar to previous studies, the outermost radius 𝑅
𝑡
can

be obtained as follows [13, 15]:

𝑅
𝑡
= (1 + (𝑉 − 1) 𝛼)

1/3
⋅ 𝑟
0
. (3)

The volume increase rate𝑉 of cement has been defined as
1.9–2.2 in previous studies [17]. Based on this range,𝑉was set
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Table 1: Mineral composition of cement and expansive additive [12].

Type Mineral composition (%)
SiO
2

Fe
2
O
3

Al
2
O
3

CaO SO
3

MgO Total f-CaO
Ordinary Portland cement 21.0 2.9 5.2 64.4 2.3 1.2 97.0 —
Expansive additive 1.0 0.8 7.2 70.6 18.5 — 98.1 49.8

to 2.0 in this study by considering the time at which it con-
verges to a certain value with regard to the hydration reaction
rate and the adsorbed water present in the hydration product
or the water in the gel pores that does not contribute to the
hydration reaction [13]. For the expansive additive, 𝑉 was
set to 3.34 by considering a layer of hydration products and
following the reasoning of Yamamoto et al., who described
the expansion mechanism of expansive additives [18].

The time-dependent creep strain of the hydration product
was applied according to the following equation. This is the
same type of equation as that proposed by Lokhorst and van
Breugel [14]:

𝜀
𝑐,𝑒 (

𝑡) = 𝑎 ⋅

(𝑡 − 𝜏)
𝑛

𝑡
0

⋅ 𝜎 (𝜏) , (4)

where 𝜀
𝑐,𝑒
(𝑡) is the creep strain at the age 𝑡, 𝑡 − 𝜏 is the time

under the load ℎ, 𝑡
0
is 1 h, 𝜎(𝜏) is the stress applied at the age

𝑡, 𝑎 is the creep constant (mm2/N), and 𝑛 is a constant (here,
𝑛 = 0.3 [14]).

The creep constant 𝑎 of the hydration product of cement
was set to 1.5 × 10−5 based on the existing literature [14, 19].
Although many studies have dealt with the material char-
acteristics of hardening cement paste mixed with expansive
additives, only a few have examined creep.The creep constant
of hydration products produced by the hydration of only the
expansive additive should be different from that of cement.
Owing to the lack of sufficient data, however, this value was
set to 2.1 × 10−4 in this study based on previous experimental
results [13] and other existing studies [12, 13], which showed
that creep is slightly higher in expansive concrete than in
normal concrete because the former expands through the
generation of air gaps.

The activation energy for the temperature-dependent
creep strain of the hydration products of cement and expan-
sive additive was evaluated according to themodel of Lokhorst
and van Breugel [14] and Maruyama [15] by using the
following equation:

𝑉 (𝑇) = exp(𝑄
𝑅

⋅

𝑇 − 𝑇
0

𝑇 ⋅ 𝑇
0

) , (5)

where 𝑉(𝑇) is a function describing the temperature effects,
𝑅 is the gas constant (8.31 J/mol K), 𝑇 is the temperature of
the paste, and 𝑇

0
is the reference temperature (293K). When

𝑇 = 𝑇
0
, 𝑉(𝑇) is 1. The activation energy 𝑄 for ordinary

Portland cement was assumed to be 20,000 J/mol, which is a
typical value [14, 15, 20]. In the case of the expansive additive,
the activation energy was set to 43,496 J/mol, which was
calculated with the following equation by using the C

3
S/C
2
S

ratio.This value can be calculated by considering the mineral
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Figure 2: Composite model of mortar and concrete.

composition of the expansive additive, as presented in Table 1.
Consider

𝑄 = −4070 ⋅ (

C
3
S (%)

C
2
S (%)

) + 38010, (6)

where C
3
S and C

2
S represent the ratio of C

3
S and C

2
S in

the expansive additive and are calculated according to the
following equation proposed by Bogue [21]:

C
3
S = 4.0710 ⋅ CaO − 7.6024 ⋅ SiO

2
− 1.4297 ⋅ Fe

2
O
3

− 6.7187 ⋅ Al
2
O
3

C
2
S = 2.8675 ⋅ SiO

2
− 0.7544 ⋅ C

3
S.

(7)

The strain of the newly created elements varies because
each element has a different stress history depending on the
age; however, a uniform strainwas considered for all elements
owing to the redistribution of stress. Thus, the creep strain of
the paste mixed with expansive additive can be expressed by
(8) depending on the mixture rate of the expansive additive
according to the balance of the creep strain of the cement and
expansive additive parts:

𝜀paste(𝐶+EX) = 𝜀𝑐(𝐶) ⋅ 𝐶𝑉(%) + 𝜀𝑐(EX) ⋅ EX𝑉(%), (8)

where 𝜀paste(𝐶+EX) is the creep strain of the cement pastemixed
with expansive additive, 𝜀

𝑐(𝐶)
is the creep strain of the cement

part, 𝜀
𝑐(EX) is the creep strain of the expansive additive part,

𝐶
𝑉(%) is the volume mixing rate of cement, and EX

𝑉(%) is the
volume mixing rate of expansive additive.

2.2. Composite Model for Mortar and Concrete. In order to
extend the creep phenomenon to mortar and concrete, a
composite model of paste and aggregate (fine and course
aggregate) was used. The model shown in Figure 2 is based
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1 2 3 k k k1 2 3 k
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· · · · · ·

· · ·

◼
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dt
+

d𝜀c,1

dt
=

d𝜀e,b

dt
+

d𝜀c,b

dt
◼

d𝜎r,1
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+
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Figure 3: Strain and stress redistributions due to newly created elements.

on the assumption that aggregates do not experience time-
dependent strain. With this composite model, the stress
load of the paste was considered to be redistributed to the
aggregates because the aggregates should be under the same
amount of time-dependent strain experienced by the paste.
Thus, the time-dependent strain of mortar and concrete
mixed with expansive additive can be calculated as follows
by considering the strain attributed to the load shared by the
aggregates as initiated by the paste strain:

𝜀mortar or concrete(𝐶+EX)

= 𝜀paste(𝐶+EX)

⋅ [(

(1 − 𝜆
𝑐
) ⋅ 𝐸
𝑝
⋅ 𝜆
𝑐

𝜆
𝑐
⋅ 𝐸agg + (1 − 𝜆𝑐) ⋅ 𝐸𝑝

) + (1 − 𝜆
𝑐
)] ,

(9)

where 𝜀mortar or concrete(𝐶+EX) is the creep strain of mortar or
concrete mixed with expansive additive, 𝜀paste(𝐶+EX) is the
creep strain of the paste mixed with expansive additive, 𝐸

𝑝

is the elastic modulus of the paste mixed with expansive
additive, and 𝐸agg is the elastic modulus of the aggregate.
In addition, 𝜆

𝑐
is a constant related to the volume of the

aggregates𝑉agg relative to the unit volume; it can be expressed
as 𝜆
𝑐
= √𝑉agg.

2.3. Estimation of Stress Redistribution. The stress redis-
tribution was estimated by analyzing the modeled creep
phenomenon. The required redistributed stress can be deter-
mined by solving 𝑘 linear equations when 𝑘 elements are
considered, as shown in Figure 3.The sum of the creep strain
and elastic strain over the time 𝑡 + Δ𝑡 is the same for all
elements, and the sumof the stresses does not change because
of the generation of elements. Furthermore, if the creep strain
follows the law of superposition and is proportional to the gel
volume of the hydration products and the stress, the creep

strain can be expressed as follows by applying the step-by-
step method to each time increment:

𝜀tot (𝑡𝑖+1) = 𝜀tot (𝑡𝑖) +
Δ𝜎 (𝜏
𝑖
)

𝐸

+

𝑖

∑

𝑗=1

𝑎 ⋅ 𝑉 (𝑇
𝑖
) ⋅ Δ𝜎 (𝜏

𝑗
)

⋅ [(𝑡
𝑖+1

− 𝜏
𝑗
)

𝑛

− (𝑡
𝑖
− 𝜏
𝑗
)

𝑛

] .

(10)

Thus, the total strain can be calculated by summing the
following three sets of terms according to (10):

(i) Total strain at time 𝑡
𝑖
.

(ii) Elastic strain Δ𝜀
𝑒
(𝑡
𝑖
) attributed to the new stress

increment Δ𝜎(𝜏
𝑖
).

(iii) Creep strain increment Δ𝜀
𝑐
(𝑡
𝑖
, 𝜏
𝑗
, 𝑇
𝑖
) generated by

the stress increment Δ𝜎(𝜏
𝑗
) in the next time interval

(𝑡
𝑖
, 𝑡
𝑖+1
).

3. Experiment

3.1. Outline of the Experiment. Two types of specimens with
a water/binder ratio of 0.50 were used: an expansive mortar
with a 1 : 3 ratio of fine aggregate and binder, towhich 5wt%of
an ettringite-gypsum type of expansive additives was mixed,
and a normal mortar. Strength and shrinkage tests were
conducted in order to evaluate the basic and modified prop-
erties of the mortars. Air content and slump flow tests were
performed to determine the properties of the mortars when
fresh. The specimens for the strength test were demolded
on day 1 and cured in water (20 ± 2

∘C), after which the
compressive and splitting tensile strengths were measured.

A 40mm × 40mm × 160mm mold was used in the
shrinkage test to measure the drying shrinkage with an
embedded strain gauge. Drying shrinkage specimens were
demolded on day 1, and a portion of each specimen was
completely sealed with aluminum tape in order to match the
volume-to-surface area ratio (V/S) used in the ring test. They
were then left in a moist room to dry (temperature: 20 ± 2∘C;
humidity: 60% ± 5%).
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Figure 4: Overview of the ring test.
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Figure 5: Stress distribution in the ring test.

In the ring-type constraint test, to induce drying shrink-
age across the cross sections of the mortar rings in an even
manner, as shown in Figure 4, the height of the ring-type
constraint specimen was set to 75mm instead of 152mm as
prescribed by AASHTO PP34-98 [22]. Tests were conducted
with ring-type constraint specimens at three levels: A, B, and
C. This was to assess the strain and stress under different
constraints, such as different inner ring thicknesses and
diameters. The inner steel rings were left free of any surface
treatment, such as oil or other lubricants. After the mortar
was deposited, the surfaces of the mortar rings were sealed
with vinyl sheets in order to prevent fast drying caused by
moisture evaporation. After 1 day, the bottom forms were
removed to allow only the top and bottom surfaces of the
mortar to dry. Three strain gauges (ℎ = 37.5mm) were
installed on the inner steel rings, and the constrained strain
was assessed with a datalogger while the rings remained in
the constant temperature and humidity room (temperature:
20 ± 2

∘C; humidity: 60% ± 5%).

3.2. Calculation of the Constrained Stress in the Ring Test.
Figure 5 shows a conceptual picture of the stress distribution
in the ring test. The conversion of the steel strain to the
tensile strength of the mortar is based on the assumption of
an arbitrary interface pressure𝑃 of the same size but opposite
in direction. This interface pressure 𝑃 was attributed to the
shrinkage of the mortar and constraint of the steel rings. If
the mortar shrinks evenly and linearly across the whole cross
section, the circumferential stress 𝜎

𝜃
of a specimen can be

defined as follows [23–25]:

𝜎
𝜃
=

𝑟
2

im ⋅ 𝑃

𝑟
2

om − 𝑟
2

im
[1 +

𝑟
2

om
𝑟
2
] , (11)

where 𝑟im and 𝑟om are the inner and outer radii, respectively,
of the mortar and 𝑟 is an arbitrary value in the direction of
the axis. In addition, the maximum constrained stress in the
circumferential direction occurs at the border between the
inner steel ring and mortar (𝑟 = 𝑟im). This can be calculated
by using the following equation:

𝜎
𝜃𝑖
=

𝑃
𝑖
⋅ (𝑟
2

im + 𝑟
2

om)

𝑟
2

om − 𝑟
2

im
, 𝑟 = 𝑟im. (12)

The pressure 𝑃
𝑖
on the inner steel ring acts as the external

pressure of the samemagnitude but in the opposite direction.
It can be expressed by using the following equation for the
measured strain of the inner steel ring:

𝑃
𝑖
=

(𝑟
2

os − 𝑟
2

is)

2𝑟
2

os
⋅ 𝜎
𝜃,st =

(𝑟
2

os − 𝑟
2

is)

2𝑟
2

os
⋅ 𝐸st ⋅ 𝜀st, 𝑟 = 𝑟is, (13)

where 𝜎
𝜃,st is the stress on the inner steel ring in the

circumferential direction, 𝐸st and 𝜀st are the elastic modulus
and constrained strain, respectively, and 𝑟is and 𝑟os are the
inner and outer radii, respectively, of the inner steel ring.

Therefore, if (13) is substituted into (12), the maximum
constrained stress of the mortar can be obtained as follows:

𝜎
𝜃𝑖max =

(𝑟
2

os − 𝑟
2

is)

2𝑟
2

os
⋅

(𝑟
2

im + 𝑟
2

om)

(𝑟
2

om − 𝑟
2

im)
⋅ 𝐸st ⋅ 𝜀st. (14)

3.3. Test Results. Table 2 lists the test results for the slump
flow, air content, and strength. When the expansive additive
was mixed in, the workability and air content did not change
considerably. The expansive mortar had lower compressive
strength and splitting tensile strength than the normal mor-
tar, but these differences were negligible. In other words, the
expansive additive had minimal effect in terms of the fresh
and strength properties.

Figure 6 shows the drying shrinkage results. The drying
shrinkage of the normal mortar was 941 𝜇 at day 56, while
that of the expansive mortar was 866 𝜇. The drying shrinkage
decreased in the expansivemortar. However, these results did
not consider the effect of expansion at an early age from the
expansive additive. Thus, a reduction of 100 𝜇 from drying
shrinkage due to the early expansion of the expansive additive
[26, 27] was considered along with the drying shrinkage
strain under unconstrained conditions. Then, using the
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Table 2: Fresh and strength properties.

Type
Slump flow

(cm)
Air content

(%)
Compressive strength (N/mm2) Splitting tensile strength

(N/mm2)
7 days 14 days 28 days 7 days 14 days 28 days

N 18.5 5.6 21.75 34.39 45.61 2.81 3.19 3.64
EX 17.5 5.1 21.06 33.12 47.13 2.80 3.27 3.59
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Figure 6: Results of drying shrinkage.

expansive additive was found to reduce the drying shrinkage
by approximately 18.6%.

Figures 7 and 8 show the constrained strains and stresses
of the inner steel rings. The strains decreased because of the
compressive force due to the early expansion of the expansive
additive. However, the strains of the normal mortar abruptly
increased with the increase in nonconstrained shrinkage;
cracking occurred immediately after themaximum strainwas
attained. In addition, the admixture of expansive additive
decreased the maximum pressure on the inner steel ring,
which in turn decreased the constrained stress and delayed
the cracking time of the mortar.

The maximum constrained stress tended to decrease as
the thickness and diameter of the inner ring were increased.
Thiswas probably because evenwhen the constrained load on
the interface remained constant, the thickness and diameter
of the inner steel ring increased with the degree of constraint.
That is, as the inner steel ring became thicker, it was not
strained, and the amount of relaxing shrinkage increased
from an early age.

Overall, the admixture with expansive additive delayed
cracking by 17–28 days. Thus, the use of the expansive
additive was confirmed to reduce the tensile stress and crack
resistance.
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Figure 7: Constrained strains of the inner rings.

4. Estimation of the Constrained Stress by
Creep Analysis

4.1. Hydration Reaction Rate. For the analysis of the creep
model, the hydration rate 𝛼 is the parameter required to
obtain the outermost radius of the cement and expansive
additive particles according to (3). Here, the hydration reac-
tion rate was defined as the amounts of cement and expansive
additive that underwent reactions compared to their cor-
responding total amounts. In order to determine this rate,
a value calculated from using the net calorific value was
applied. The calorific value was obtained by measuring the
calories generated during the hydration process with a multi-
micro calorimeter (MMC-511 SV). When the water/cement
and water/expansive additive ratios were 0.50, the net
calorific values were 437.53 and 887.12 J/g for the cement and
expansive additive, respectively. Figure 9 shows an example
calculation for the rate of heat liberation and degree of hydra-
tion. The figure confirms that the hydration reaction rate for
the expansive additive was higher than that for cement at all
ages owing to the increased exothermic peak from the rapid
reaction of the expansive additive at an early age. The experi-
mental data were used in the creep analysis.

4.2. Elastic Modulus. The elastic modulus for creep analysis
was obtained by using (15) based on previous modeling
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Figure 9: Rate of heat liberation and degree of hydration of the
cement and expansive additives.

work [12, 28] based on Maruyama’s C-CBM model [15]. This
equation indicates that the outer product has a lower density
than the inner product, as shown in Figure 10. However,
the phenomenon of densification with age was considered
through the large expansion in terms of space based on the
effective contact area 𝐴ceff :

𝐸paste(𝐶,EX)

=

1

𝜆
𝑝
/ (𝜆
𝑝
⋅ 𝐸gel(𝐶,EX) + (1 − 𝜆𝑝) ⋅ 𝐸𝐶,EX) + (1 − 𝜆𝑝) /𝐸gel(𝐶,EX)

⋅ 𝐴ceff ,

(15)

where 𝐸paste(𝐶,EX) is the elastic modulus of the cement paste
or expansive paste, 𝐸

𝐶,EX is the elastic modulus of the
unhydrated cement or expansive additive, 𝐸gel(𝐶,EX) is the
elastic modulus of the hydration product, and 𝐴ceff is the
effective contact area. In addition, 𝜆

𝑝
is a constant related to

the volume of the unhydrated cement or expansive additive
𝑉
𝐶,EX relative to the unit volume and can be expressed as
𝜆
𝑝
= √𝑉𝐶,EX.
With the model, 𝐸

𝐶,EX and 𝐸gel(𝐶,EX) had values of 50 and
25GPa, respectively.These values were taken from the results
of Maruyama [15], who determined these values by referring
to the values of 40 and 20GPa suggested byHua et al. [29] and
60 and 30GPa suggested by Lokhorst and van Breugel [14]. In
the case of the expansive additive, the value for cement was
applied because sufficient data could not be found.

The elasticmodulus of the pastemixedwith the expansive
additive can be expressed by (16). It depends on the mixture
ratio of the expansive additive by balancing the elastic
modulus of the required cement part and elastic modulus of
the expansive additive part:

𝐸paste(𝐶+EX) = 𝐸paste(𝐶) ⋅ 𝐶𝑉(%) + 𝐸paste(EX) ⋅ EX𝑉(%), (16)

where 𝐸paste(𝐶+EX) is the elastic modulus of the cement paste
mixed with the expansive additive, 𝐸paste(𝐶) is the elastic
modulus of the cement part,𝐸paste(EX) is the elasticmodulus of
the expansive additive part, 𝐶

𝑉(%) is the volume mixing rate
of the cement, and EX

𝑉(%) is the volume mixing rate of the
expansive additive.

In order to extend this equation to the elastic moduli
of mortar and concrete, a composite model of the paste
and aggregate was used as a creep model. The aggregate
was assumed to exhibit no creep behavior. Hence, the paste
dominates the behavior of the mortar or concrete. Therefore,
the aggregate has a resistor function without affecting the
behavior of the paste. If a composite model for the aggregate
and paste is assumed, the elastic modulus of the mortar or
concrete can be expressed by

𝐸mortar or concrete(𝐶+EX)

=

1

𝜆
𝑐
/ (𝜆
𝑐
⋅ 𝐸paste(𝐶+EX) + (1 − 𝜆𝑐) ⋅ 𝐸agg) + (1 − 𝜆𝑐) /𝐸paste(𝐶+EX)

,

(17)

where 𝐸mortar or concrete(𝐶+EX) is the elastic modulus of the
concrete mixed with the expansive additive, 𝐸paste(𝐶+EX) is
the elastic modulus of the cement paste mixed with the
expansive additive, and 𝐸agg is the elastic modulus of the
aggregate. In addition, 𝜆

𝑐
is a constant related to the volume

of the aggregates 𝑉agg relative to the unit volume and can be
expressed as 𝜆

𝑐
= √𝑉agg.

4.3. Estimation of the Constrained Stress. The stress change
in the expansive mortar under the constrained condition was
estimated by considering the modeled creep phenomenon
described in Section 2. The estimated stress was compared
with the experimental results of the ring test described in
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① Unhydrated cement and expansive additives 
② Inner product
③ Outer product

Figure 10: Density changes in the hydration product during hydration [6].
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Figure 11: Calculation of the constrained stress by the creep model
(Specimen A).

Section 3 to validate the stress prediction technique using the
model.

If the mortar poured into the ring object is assumed
to show linear elastic behavior under various constraints,
the pressure applied by the constraint of the steel and that
applied to the mortar become identical. Thus, by calculating
the pressure applied to the interface of the inner steel ring
and mortar with the creep model by using the deformation
measured from the inner steel ring, the maximum tensile
stress applied in the direction of the circumference of the
mortar can be calculated. Figures 11–13 show the maximum
tensile stress according to the ring test and calculated with
the creep model under various constraints. The results of
the ring test were predicted under the assumption that the
mortar poured to the ring exhibits linear elastic behavior,
and the actual behavior of mortar differed from the stress
applied to the ring object. Thus, the maximum tensile stress
predicted for objects, including object B, differed slightly
from the maximum tensile stress according to the ring test.
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Figure 12: Calculation of the constrained stress by the creep model
(Specimen B).

However, the results confirmed that the progression of stress
in ordinary mortar and expansive mortar with age can be
predicted to some degree.

5. Conclusions

A model was developed for the creep of hardening cement
paste mixed with expansive additive to control cracking. The
constrained stress of expansivemortarwas estimated by using
themodeled creep to calculate the changes in the stress under
constraints. The results of the study can be summarized as
follows:

(1) The hydration products of the expansive additive and
cement were considered under the assumption that
these products cause creep. The creep of hardening
cement paste mixed with expansive additive was
modeled by considering the redistribution of stress
between the newly generated hydration products
and the already existing hydration product that was
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Figure 13: Calculation of the constrained stress by the creep model
(Specimen C).

bearing the stress as well as the balance between the
expansive additive and hydration products of cement.

(2) If the creep deformation is proportional to the stress
and the gel volume of the hydration products, the
law of superposition can be applied. This was used to
predict the stress development by applying the step-
by-step method for each time increment.

(3) For the ring test, the maximum tensile stress applied
to the inner steel ring was predicted through a creep
analysis based on the measured deformation of the
inner steel ring and under the assumption that the
mortar in the ring exhibits linear elastic behavior.The
results confirmed that the progression with age of
stress in ordinary mortar and expansive mortar can
be predicted to some degree.
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The reactive powder concrete (RPC)was used as concrete repairmaterial in this paper.The influence of steel fiber, steel fiber +MgO,
and steel fiber + MgO + polypropylene fiber (PPF) on the mechanical properties of RPC repair materials and the splitting tensile
strength between RPC and old concrete was studied. Influences of steel fiber, MgO, and PPF on the splitting tensile strength were
further examined by using scanning electronicmicroscopy (SEM) and drying shrinkage test. Results indicated that the compressive
and flexural strengthwas improvedwith the increasing of steel fiber volume fraction.However, the bonding strength showed a trend
from rise to decline with the increasing of steel fiber volume fraction. AlthoughMgO caused mechanical performance degradation
of RPC, it improved bonding strength between RPC and existing concrete. The influence of PPF on the mechanical properties
of RPC was not obvious, whereas it further improved bonding strength by significantly reducing the early age shrinkage of RPC.
Finally, the relationship of drying shrinkage and splitting tensile strength was studied, and the equation between the splitting tensile
strength relative index and logarithm of drying shrinkage was obtained by function fitting.

1. Introduction

Reactive powder concrete (RPC)was a new type of super high
strength performance cement based composite materials
which was invented by French Bouygues company [1, 2] and
used the Linear Packing Density Model (LPDM), Compress-
ible Packing Model (CPM), and fiber reinforced technol-
ogy. Compared with conventional concrete, the advantages
of RPC were as follows. (1) Super high strength [3]: the
weight of RPC structure dramatically reduced comparedwith
the corresponding conventional concrete structures at the
same loading condition [4]. This characteristic expanded the
application range of RPC in high-rise buildings and large-
span structures. (2) Excellent durability: the coarse aggregate
was removed during the process of RPC preparation. The
internal defects of RPC were greatly reduced because of the
particle size distribution optimized and internal structure
uniformity increased which is caused by coarse aggregate
removed [5]. As a result, RPC had high resistance to deicing
salts, freeze–thaw cycles, and aggressive environments. (3)
High performance of impact behavior [6]: former research

had been showing that the antipenetration performance of
RPC was up to 3 times of C30 concrete [7], which made it
have a broad application prospect in protective engineering
and antiearthquake engineering. (4) Self-healing ability: the
water-binder ratio of RPC materials was very low generally
between 0.17 and 0.22, so there was a significant amount of
unhydrated cement in finished products whichmight provide
a self-healing potential after the generation of crack [8].
(5) High performance of resistance to elevated temperature:
researchers [9, 10] reported that the cubic and axial compres-
sive strength of RPC increased first and then decreased with
the elevated temperature. The RPC had excellent capacity
in resistance to high temperature compared with normal-
strength concrete.

At present, the study of the RPC mainly focused on
its preparation technology, mechanical properties, durability,
and performance of RPC elements. The literature of using
RPC as concrete repair materials was rare. Lee et al. [11] had
been using RPC as the repair material; the results indicated
that the RPC material showed a good repair performance.
However, due to the low water-binder ratio, the shrinkage
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Table 1: Chemical composition of cement.

CaO SiO
2

Al
2
O
3

Fe
2
O
3

MgO Na
2
O SO

3
Loss

P.O425R 61.13 21.43 5.24 3.78 2.08 0.78 2.24 3.32
P.C325 55.82 26.39 4.23 3.11 3.02 0.71 2.45 4.27

Table 2: The properties of different fibers.

Code Density/g/cm3 Elasticity modulus/GPa Tensile strength/MPa Diameter/mm Length/mm Ductility/%
SF 7.8 200–220 2850 0.2–0.25 13 3-4
PPF 0.91 2.4–3.2 365–600 0.01 12 10–20

deformation of RPC was large. Its shrinkage deformation
could not agree with the deformation of old concrete which
led to the generating of internal stress. The concrete repair
failed when cracks generating between RPC and old concrete
caused by internal stress surpassed the interfacial bonding
strength. The drying shrinkage reduced by adding a certain
amount of steel fiber; however, the steel fiber had little effect
on the early age shrinkage of RPC. In engineering practice,
the early age shrinkage of concrete was mainly controlled by
adding polypropylene fiber [12].Therefore, it might be a good
method to inhabit early age shrinkage and drying shrinkage
of RPC by hybrid fibers. In addition to inhibiting shrinkage,
compensating the shrinkage of RPC by adding expansion
additives was another effective way. The compensation for
shrinkage was mainly due to the volume expansion caused
by the hydration of expansion additives. The literature about
using MgO as concrete expansive agent was familiar [13].
For a long period, the cement containing calcined MgO as
delayed expansive agent in China had been used for dam
concrete to compensate for temperature shrinkage [14]. Com-
pared with sulfoaluminate-type and CaO-type expansive
additives, the hydration ofMgOdemanded less water, and the
hydration products of Mg(OH)

2
are more stable in cement

paste [15]. Thus, the MgO expansive agent played a more
important role in modern concrete. At present, using MgO
as expansive additives to improve the shrinkage deformation
of RPC was still very scarcely.

The objectives of this work were as follows: using RPC as
concrete repair material to study the influence of steel fiber,
MgO expansive agent, and polypropylene fiber on the bond
strength between RPC and old concrete, to explain reasons of
the differences of bonding strength by shrinkage test and the
microstructure analysis.

2. Materials and Mix Proportion

2.1.Materials. Thematerials used in this work includedOrdi-
nary Portland Cement (OPC), Composite Portland Cement
(CPC), silica fume, quartz sand, quartz flour, superplasticizer
(SP), and water. The chemical composition of OPC and CPC
was shown in Table 1.

The grain diameter of quartz flour was about 10 𝜇m. It
is in a form of white powder, produced in Shanghai. The
majority of mixes were produced using fine river sand whose
particle size is from 0.075 to 0.6mm.The water reducer used
in this experiment was polycarboxylate superplasticizer and

Table 3: Mix proportion of old concrete/kg/m3.

Cement Water Sand Aggregate Water reducer
440 185 532 1243 22

the water-reducing rate of it exceeded 35%. Silica fume was
supplied by Sanyuan Company in Gansu province which
existed in pale blue powder form and containsmore than 94%
reactive silicon dioxide content.The specific surface area of it
exceeded 25m2/g. The aggregate used for preparation of old
concrete was gravel whose particle size was not more than
25mm.The sand used in the old concrete was medium sand.
TheMgO expansive agent used in this research was produced
by Haicheng Company in Liaoning province, whose density
was 3.389 g/cm3 and fineness was 60–90 𝜇m. The content of
MgO was more than 85% in this production. The copper
coated steel fiber (SF) and polypropylene fiber (PPF) used
in this study were supplied by Boen Company in Jiangsu
province. Their physical properties were provided in Table 2.

2.2. Mix Proportion. The cement used for old concrete was
P.C325. The mix proportion of old concrete was shown in
Table 3.

The cement used in RPC was P.O425R. The mix propor-
tion of RPC was shown in Table 4.

Themeanings of codes in this study were as follows:M on
behalf of MgO, S on behalf of the steel fiber, and P on behalf
of polypropylene fiber. For example, the codeM5S10P1means
that the dosage of MgO was 5% of the quality of cement,
steel fiber volume fraction was 1.0%, the polypropylene fiber
volume fraction was 0.1%, and so on.

3. Experiment Method

The RPCmixes were produced by a high speed mortar mixer
in this experiment. At first, the cement, silica fume, quartz
flour, quartz sand, and MgO should be put into the mixer for
3-minute dry mixing. The fiber should be added during the
process of dry mixing. In order to make the fiber disperse
uniformly, the dry mixing time should be prolonged as the
volume fraction of fiber is increasing. After dry mixing,
half volume water which contained half amount of water
reducer was added during stirring process. The remaining
water and water reducer would be added after 3min. At last,
mix about 10min and then pour it into the required moulds.
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Table 4: Mix proportion of RPC/kg/m3.

Code Cement Silica fume Quartz flour Quartz sand Water SF PPF MgO Water reducer
Control 800 200 320 880 200 0 0 0 30
S05 800 200 320 880 200 39 0 0 30
S10 800 200 320 880 200 78 0 0 30
S15 800 200 320 880 200 117 0 0 30
M5S05 800 200 320 880 200 39 0 40 31.2
M5S10 800 200 320 880 200 78 0 40 31.2
M5S15 800 200 320 880 200 117 0 40 31.2
M7S05 800 200 320 880 200 39 0 56 31.7
M7S10 800 200 320 880 200 78 0 56 31.7
M7S15 800 200 320 880 200 117 0 56 31.7
M9S05 800 200 320 880 200 39 0 72 32.2
M9S10 800 200 320 880 200 78 0 72 32.2
M9S15 800 200 320 880 200 117 0 72 32.2
M5S10P1 800 200 320 880 200 78 0.91 40 31.2
M5S10P2 800 200 320 880 200 78 1.82 40 31.2
M5S10P3 800 200 320 880 200 78 2.73 40 31.2
M7S10P1 800 200 320 880 200 78 0.91 56 31.7
M7S10P2 800 200 320 880 200 78 1.82 56 31.7
M7S10P3 800 200 320 880 200 78 2.73 56 31.7
M9S10P1 800 200 320 880 200 78 0.91 72 32.2
M9S10P2 800 200 320 880 200 78 1.82 72 32.2
M9S10P3 800 200 320 880 200 78 2.73 72 32.2

For compressive and flexural test, 40mm × 40mm × 160mm
prism was cast for the compressive and flexural strength
of RPC, using splitting tensile test to evaluate the bonding
strength betweenRPCandold concrete.Thedimension of old
concrete was 100mm × 100mm × 50mm, and the age was 90
days. Before casting RPC, the interface should be handled as
follows. At first, remove the laitance which exists in surface
of superficial aggregate with metal wire brush. Then, chisel
the bonding surface of existing concrete by bush hammer. At
last, clean the bonding surface for splitting tensile test. The
bonding surface needed to be wetted before pouring RPC
into moulds. The samples should be cured for 7 days under
standard conditions before demoulding. The splitting tensile
strength of different samples would be tested in age of 7 days,
28 days, and 90 days. The diagram of splitting tensile test was
shown in Figure 1.

The splitting tensile strength can be calculated as 𝑓
𝑡
=

2𝑃/𝜋𝐴 = 0.637(𝑃/𝐴), where 𝑃 stands for splitting tensile
failure load (N) and 𝐴 stands for area of bonding surface
(mm2).The relative index𝛽 can be calculated as𝛽 = 𝑓

𝑡,𝑎
/𝑓
𝑡,𝑛
×

100%. In this formula, 𝑓
𝑡,𝑎

stands for the splitting tensile
strength between RPC and old concrete; 𝑓

𝑡,𝑛
stands for the

splitting tensile strength of whole old concrete.The shrinkage
performance of RPC repair materials had a great impact
on the bonding strength between the new concrete and old
concrete. Studying the drying shrinkage performance of RPC
was a main objective of this research. For drying shrinkage
test, 40mm × 40mm × 160mm prisms were cast for the
determination drying shrinkage of RPC according to GB/T
29417-2012. After casting, the specimens should be cured for 7

Old concrete RPC

100mm

100mm

Figure 1: Schematic diagram of splitting tensile experiment.

days in standard curing box.The initial length of RPC should
be tested after demoulding in test cabinet at 20 ± 2∘C and
relative humidity 60 ± 5%. Then all samples were stored in
a controlled environment of 20 ± 2∘C and relative humidity
60 ± 5% for subsequent measurement. The shrinkage strains
were measured at 1, 3, 5, 7, 14, 21, 28, 35, 42, 60, and 90 days.
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Figure 2: Influence ofMgO and steel fiber onmechanical properties
of RPC.
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Figure 3: Influence of polypropylene fiber onmechanical properties
of RPC.

4. Results and Discussion

4.1. Compressive and Flexural Strength of RPC. Compressive
and flexural strength of each sample was as shown in Figures
2 and 3. According to the experiment results of this work, it
was known that the presence of steel fiber andMgO had great
influence on the compressive and flexural strength of RPC.

The use of steel fiber led to the improvement of the
compressive and flexural strength of RPC while the use of
MgO as expansion additives decreased strength of RPC. The
main reasonwas that the steel fiber played a role of bridge and
dowel in RPC [16]. The cohesive force between high elastic
modulus steel fiber and cement matrix would act on a role of
the resistance to crackwhen the load of RPC carried exceeded
its ultimate load. So the compressive and flexural strength of
RPC was elevated by adding steel fiber. The compressive and
flexural strength obtained maximal value when the volume

Figure 4: The side of RPC repair material.

fraction of steel fiber was 1.5%. The value of S15 exceeded
the sample-Con 36% and 69%. However, the steel fiber began
to reunion together and decreased the flowability of RPC
significantly when the volume fraction attained 1.5%. That
is because the steel fiber took up some of mixing water;
furthermore, there was not enough cement paste towrap steel
fiber and fill the gap with the increasing of steel fiber volume
fraction. In addition, the steel fiber distributed randomly
in three-dimensional RPC; the friction among the fibers
increased with the increment of steel fiber which led to the
decreasing of the RPC workability.

Themechanical strength of RPC declined with the dosage
of MgO increasing. The compressive strength of M9S05
decreases 14% compared with S05 at 28 d. The decreased val-
ues were 8.4% and 19% when the steel fiber volume fraction
was 1.0% and 1.5%, respectively. The variation tendency of
flexural strength was likely to compressive strength. The rea-
son for reduction in strength of RPC was that the hydration
production C-S-H gel of RPC repair materials reduced as the
content of cement reduced due to the increasing content of
MgO.

The influence of PPF on the mechanical strength was
shown in Figure 4. The results indicated that the effect of
PPF on the mechanical strength was small when the volume
fraction of steel fiber is fixed at 1.0%, and the dosage of
MgO was the same. PPF was one of the polymer fibers with
low elastic modulus and high ductility. It was difficult to
undertake internal stress after RPC hardened. The elastic
modulus of PPF used in this research was only about 3GPa;
this value was far less than the elastic modulus of the
RPC. Thus, the main influencing factors of RPC mechanical
property were volume fraction of steel fiber and dosage of
MgO.

4.2. Split Tensile Strength. The typical fracture surface of
splitting tensile test was shown in Figures 4 and 5. Most of
the failures occurred at the bonding surface betweenRPC and
old concrete. This phenomenon indicated that the bonding
surface was still the weakest link by using RPC as concrete
repair material which was similar to other repair materials.
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Figure 5: The side of old concrete.
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Figure 6: Influence of steel fiber on splitting tensile strength.

There was almost no damage to RPC repair material after
splitting tensile strength test because the strength of RPC was
much higher than old concrete. However, the old concrete
was crushed normally, and some part of it was bonding to
the RPC repair material side. This phenomenon indicated
that the bonding strength was very high between RPC repair
material and old concrete.

4.2.1. Influence of Steel Fiber on Splitting Tensile Strength. The
splitting tensile strength of old concrete was 3.48MPa at
28 days. It could be found that RPC performed well at the
concrete repair from Figure 6. The value 𝛽 of every sample
exceeded 0.8 at 28 days. This result was very closely to the
splitting tensile strength of old concrete as a whole. However,
the literature reported that the value𝛽of sample repairedwith
normal steel fiber enforced concrete was only 0.53 at 28 days
[16]. The splitting tensile strength of samples with steel fiber
were all higher than the control sample. However, splitting
tensile strength showed a trend of decline after rising first

with the increasing of steel fiber volume fraction.The splitting
tensile strength of samplewith 1.0% steel fiber reached peak at
different age. At 7 days, the order of splitting tensile strength
was S10 > S05 > Con > S15; at 28 days the order was S10 > S05
> S15 > Con; at 90 days the order was S10 > S05 = S15 > Con.
The splitting tensile strength declined significantly when the
steel fiber volume fraction was 1.5%. It was even lower than
the samples with 0.5% steel fiber at 7 days and 28 days. The
main reason as mentioned in 4.1 was that the workability and
flowability became worse with the increasing of steel fiber
volume fraction.Therewas not enough cement slurry to wrap
steel fiber and fill the gap between the bonding surfaces.

4.2.2. Influence of MgO on Splitting Tensile Strength. Influ-
ence of MgO on the splitting tensile strength as shown in
Figures 7(a)–7(c).

The influence of MgO on the splitting tensile strength
was shown in Figure 7. The results indicated that splitting
tensile strength of all samples improved considerably with
the addition of MgO. The splitting tensile strength showed
a rising trend with the increasing of MgO content when steel
fiber volume fraction was 0.5%.The trend of group with 1.0%
and 1.5% steel fiber was similar to that in Figure 7(a). This
trend was contrary with the trend of the compressive and
flexural strength. The main reason was that the shrinkage
deformation of RPC was restrained by the swelling effects
of Mg(OH)

2
crystals which generated from the hydration

of MgO [17]. The bonding strength increased because the
swelling effect narrowed the gap of deformation between the
RPC repaired materials and old concrete. The swelling effect
was more obvious with the increasing of MgO which led to
the higher splitting tensile strength under the condition of
same steel fiber volume fraction. It also can be found that the
splitting tensile strength raised at first then decreased with
the increasing of steel fiber when the dosage of MgO was
the same. The peak value was obtained when the steel fiber
volume fraction reached 1.0%. Therefore, in order to further
research the influence of hybrid fiber composite MgO on
splitting tensile strength, the volume fraction of steel fiberwas
fixed at 1.0% in next step.

4.2.3. Influence of PPF on the Splitting Tensile Strength. In
Figures 8(a)–8(c), the addition of PPF improved the splitting
tensile strength. At the beginning, the growth trend was slow;
however, it became larger when the content of PPF was 0.3%.
The splitting tensile strength increased by 22.5%, 23.4%, and
24.4% at 7 days, 28 days, and 90 days when the content of PPF
was 0.3% as in Figure 8(a).The growth rate was 27.5%, 28.2%,
and 29.6% as in Figure 8(b) and 41.3%, 29.8%, and 28.7% as in
Figure 8(c). It could be found that the positive hybrid effect
was produced between steel fiber and PPF from the above
data. The method of hybrid fiber composite MgO expansion
agent significantly improved the repairing effect of RPC.

4.3. Drying Shrinkage of RPC. The difference of deformation
between RPC repair materials and old concrete was directly
influenced by the drying shrinkage of RPC. The drying
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Figure 7: Influence of MgO on the splitting tensile strength.

shrinkage value of RPC at different ages in this experiment
was tested.

4.3.1. Influence of Steel Fiber on the Drying Shrinkage of RPC
Repair Materials. The change of shrinkage of RPC repair
materials with the increasing of the steel fiber volume fraction
was shown in Figure 9.

The drying shrinkage of RPC gradually reduced with the
increasing of steel fiber volume fraction. The value of drying
shrinkage had fallen by 4.7%, 19.1%, and 31.4%, respectively,
with the increase of steel fiber volume fraction at 7 days.
At 28 days the drying shrinkage value decreased by 15.9%,
25.5% and 36.8%, and at 90 days it reduced by 24.8%, 32.9%,
and 42.6%, respectively. By observing the growth trend of
the curve, the drying shrinkage of sample without steel fiber
showed an obvious growth after 7 days.The drying shrinkage

of control group increased 46.6% at 90 days compared with
the value of 7 days. Although the drying shrinkage of samples
with steel fiber also increased after 7 days, the growth trend
was slower.The growth rate after 7 days was 15.6%, 21.4%, and
22.8%, respectively, when the volume fraction of steel fiber
was 0.5%, 1.0%, and 1.5%. The drying shrinkage of RPC was
significantly inhibited by the addition of steel from the above
experimental data.The reason for drying shrinkage decreased
was that the distribution of steel fiber showed a three-
dimensional random state, the skeleton structure was formed
by the lap joint between steel fibers and coupled with high
elasticmodulus of steel fiber itself, and the inner stress of RPC
which was generated from hardening RPC matrix shrinkage
was partly compensated. Although the samples with 1.5%
steel fiber showed the best performance of antishrinkage, the
splitting tensile strength of it was still lower than the samples
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Figure 8: Influence of polypropylene fiber on the splitting tensile strength.

with 1.0% steel fiber which caused by the fiber reunion and
workability reduced.

4.3.2. Influence of MgO on Drying Shrinkage of RPC. Figures
10(a)–10(c) showed the influence of MgO on the drying
shrinkage of RPC when the steel fiber volume fraction was
0.5%, 1.0%, and 1.5%, respectively.

The drying shrinkage reduced with the increase of dosage
ofMgOwhen the volume fraction of steel fiberwas fixed from
Figure 10. Compared with group S05, the drying shrinkage
reduced by 8.9%, 18%, and 31.5%, respectively, with the
increase of MgO in Figure 10(a). In Figure 10(b), the value
reduced by 12.4%, 14.6%, and 33% compared with group S10.
In Figure 10(c), the value reduced by 11.1%, 20.4%, and 35.2%
compared with group S15. The experiment results indicated
that the drying shrinkage of RPC was inhabited byMgO.The

reason was that Mg(OH)
2
generated from the hydration of

MgO caused the volume expansion. Researcher reported that
the volume could swell 118% during the hydration of MgO.
At the same time, the pressure caused by the growth process
of Mg(OH)

2
crystal also leads to the expansion of the cement

matrix. With the increase of dosage of MgO, more Mg(OH)
2

is generated which caused greater expansion pressure for
the cement matrix. So the drying shrinkage continued to
reduce with the increase of dosage of MgO. However, the
deformation of RPC repair materials was decided by the
competition between the hydration of MgO and cement
[18]. Theoretically, only under the condition of the ratio
of water/MgO exceeding 0.45 could the MgO completely
hydrate. The ratio of water/binder was only 0.2 in this
experiment, and therewas not enoughwater for the hydration
of MgO, and so the drying shrinkage of RPC could only
be partially compensated. That was different from general
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Figure 9: Influence of steel fiber on the drying shrinkage property
of RPC.

MgO concrete; the MgO content could hydrate completely
in common magnesia concrete because water cement ratio
was higher which could provide sufficient water for hydration
reaction of MgO. Under this condition, the addition of MgO
not only could compensate the early age shrinkage caused by
cement hydration, but also even formed a microexpansion
effect.

4.3.3. Influence of PPF on the Drying Shrinkage of RPC. The
elastic modulus of PPF was far lower than the steel fiber;
the enforcement effect for concrete of it was not obvious.
However, some literature reported that it could effectively
reduce the early age shrinkage of concrete.Therefore, in order
to achieve the goal of inhibiting the ultimate shrinkage of
RPC, the measures of mix steel fiber with PPF for RPC repair
materials should be considered. Figures 11(a)–11(c) showed
that the influence of PPF mixed with steel fiber on the drying
shrinkage of RPC under the condition of the content of MgO
was the same.

As shown in Figures 11(a)–11(c), the drying shrinkage of
RPC continuously reduced with the increasing of PPF when
the volume fraction of steel fiber and dosage of MgO were
the same. The drying shrinkage reduced obviously at 90 days
after the PPF blended with steel fiber. The drying shrinkage
gradually decreasedwith the increase of PPF volume fraction.
The drying shrinkage reduced by 18.5%, 28.1%, and 33.3%,
respectively, with the increase of PPF compared with group
M5S10 in Figure 11(a). In Figure 11(b), the value reduced by
24.1%, 29.6%, and 34.7%, respectively, compared with group
M7S10. In Figure 11(c), the value reduced by 16.3%, 26.3%,
and 39.3%, respectively, compared with group M9S10. The
experiment results indicated that the steel fiber and PPF
showed obvious positive hybrid effect for drying shrinkage
of RPC repair material. There were more single fibers for
PPF per unit mass because of the density of which was
small, so it could combine closely with the cement matrix.
After being blended with steel fiber, the PPF was distributed

more uniformly and formed a three-dimensional interleaving
support network in the RPC repair material. The early age
shrinkage of RPC was reduced by PPF because the pore
structure of RPCwas further improved, the bleeding pathwas
reduced, and the capillary stress was dispersed and reduced
too [19]. Because of the hardening of cement matrix and the
increasing of strength, the bonding strength between the fiber
and concrete substrate strengthened gradually and the tensile
stress was mainly undertaken by the high elastic modulus of
steel fiber; thus different elastic modulus of steel fiber and PP
fiber played different roles of inhibition of shrinkage at the
different hydration stage of RPC. By decreasing the early age
shrinkage, the final shrinkage value of RPC repair materials
was further reduced by PPF.

The hybrid fiber also improved the pore structure and
minimized the pore size of RPC at different scales and
different levels in three dimensions. The uniformity of RPC
was further improved; as a result, the moisture escaping was
effectively inhibited and the stress of capillary was reduced
too. At the same time, the fiber with different elastic modulus
dispersed the contraction stress in different periods of hydra-
tion of RPC, the local stress concentration phenomenon was
prevented, and at last the shrinkage performance of RPC was
greatly improved.

4.4. Microstructure of RPC. Themorphology of fibers in RPC
was shown in Figures 12(a)-12(b). It was visible in Figure 12(a)
that the steel fiber was tightly bound with the matrix of RPC,
and the bond stress between them was large, which could
in some extent counteract the drying shrinkage and internal
tensile stress of RPC. Figure 12(b) indicated that the PPF is
present in a form of leaf shape and its cross-sectional area
was far less than that of steel fiber. The number of PPF per
unit mass was more than that of steel fiber which caused
more firmly anchorage with RPC matrix and more closely
self-locking overlap between the fibers. As a result, the final
shrinkage values of RPC could be further reduced by the
mixed PPF on the basis of steel fiber.

Themicrostructure of MgO and the hydration product of
it were shown in Figures 13(a)-13(b). MgOwas in a flocculent
form whose particle size was small. What is more, SEM
analysis indicated that morphology of MgO particle was
mostly anomalistic body, the surface of which was coarse
and lax structure. According to this phenomenon, it might
be speculated that the hydration activity of MgO was high.
Figure 13(b) showed that the hydration product of MgO after
1 d under the condition of water to binder ratio was 0.45. It
was found that the morphology of MgO changed obviously,
and more flaky Mg(OH)

2
was formed, which indicated that

the hydration of it was fast, and the volume was also swelled.
Therefore, the addition of MgO could obviously inhibit the
shrinkage of RPC.

In Figures 14(a)-14(b), Mg(OH)
2
was wrapped by the

hydration products of cement in RPC. The white dotted
area was Mg(OH)

2
crystals, and the needle-like crystals

in Figure 14(a) were AFt. Hydration product of Mg(OH)
2

formed around the MgO particles and filled the pores inside
the RPC.The volume expansion was caused by the hydration
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Figure 10: Influence of MgO on the drying shrinkage property of RPC.

of MgO particles. During this procedure, the large expansion
pressure and Mg(OH)

2
crystal growth pressure were caused

because of the restriction of the cement matrix which led to
the expansion of the matrix of RPC.Therefore, the shrinkage
of RPC decreased as the addition of MgO is increasing. The
Mg(OH)

2
crystal mainly existed around the MgO particles.

Because the internal of RPC was a strong alkaline environ-
ment, it had a strong influence on the solubility, hydration
degree, nucleation site, crystal growth, and morphology of
Mg(OH)

2
. Due to the high concentration ofOH− inRPCpore

solution, the diffusion ofMg2+ was limited during the process
of hydration. As a result, the supersaturated solution of OH−
and Mg2+ could only be formed around the hydration region
ofMgOwhich causedMg(OH)

2
to firstly generate around the

MgO particles and form a layer. With the increasing of age,

water should pass through Mg(OH)
2
layer to continue the

hydration reaction.Therefore, the shrinkage compensation of
MgO was large in the early stage of hydration and reduced at
increasing of age.

4.5. The Relationship between Shrinkage Value and Splitting
Tensile Strength. The bonding strength was greatly influ-
enced by the internal stress caused by the difference of
deformation between repair materials and old concrete. This
effect was directly reflected in the splitting tensile strength
between RPC repair materials and old concrete. In this
experiment, the age of old concrete had been exceeding
90 days, so the deformation had been basically stable. The
shrinkage deformation of RPC repair material should be
approximately considered as the deformation differences
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Figure 11: Influence of polypropylene fiber on the drying shrinkage property of RPC.
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Figure 12: The microscopic morphology of fiber in RPC.
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Figure 13: Microstructure of MgO and hydration products of it.
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Figure 14: Microstructure of RPC.

between RPC and old concrete. The relationship between
the RPC repair material shrinkage rate and the splitting
tensile relative index was studied in this part. Although the
drying shrinkage of RPC with 1.5% steel fiber was lowest, the
splitting tensile strength on the contrary was lower because
of the agglomeration of steel fiber. Therefore, the group with
1.5% steel fiber should be eliminating when to study the
relationship between drying shrinkage and splitting tensile
strength.The logarithm of shrinkage value as the abscissa, the
value 𝛽 as the ordinate, and the relationship between them
were shown in Figure 15.

According to fitting result, the relationship between
splitting tensile relative index and shrinkage rate was shown
in

𝑌 = 1.45 log (𝑥) + 5.26, 28 d 𝑅 = 0.898. (1)

As shown in (1), the splitting tensile relative index reduced
greatly as the shrinkage decreased.

5. Conclusion

In this paper, the RPC was used as concrete repair material,
and the influence of hybrid fiber mixed with MgO on the

splitting tensile strength between RPC and old concrete was
studied. Moreover, the drying shrinkage deformation of RPC
was studied too.Through this research, adopting the method
of hybrid fibers mixing with MgO significantly reduced the
shrinkage of the RPC, which greatly improved the bonding
stress between RPC and old concrete. The conclusions of this
research were as follows:

(1) The compressive and flexural strength of RPC
increased with the content of steel fiber increas-
ing. The addition of MgO reduced the mechanical
strength of RPC, and the compressive and flexural
strength decreased with the increasing of dosage of
MgO. PPF had no obvious effect on the mechanical
properties of RPC.

(2) RPC displayed excellent repair potentials and pos-
sessed high bonding strength with old concrete. The
splitting tensile strength reached peak when the steel
fiber volume fraction was 1.0%. However, steel fiber
began to reunion when the volume rate came to 1.5%
which caused the splitting tensile strength to decrease.

(3) The volume expansion caused by hydration of MgO
partly compensated the shrinkage of RPC, which
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led to the increasing of splitting tensile strength.
Although the addition of MgO reduced the mechani-
cal properties of RPC, it played a positive role for the
bonding strength between RPC and old concrete.

(4) Blending PPF on the basis of steel fiber and MgO
reduced the early shrinkage of RPC repair materials;
as a result the ultimate shrinkage of RPC repair mate-
rial was further reduced and the bonding strengthwas
further improved too.The PPF and steel fiber showed
obvious positive hybrid effect.

(5) The relationship between shrinkage rate of RPC and
splitting tensile strength was studied. It showed an
obvious linear relationship between tensile splitting
relative index and logarithm of shrinkage rate. The
splitting tensile relative index decreased gradually
with the increasing of shrinkage rate.
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The influences of fines content, methylene blue (MB) value, and lithology of crushed sand (CS) on frost durability and strength of
concrete were investigated, and the frost durability and strength of crushed sand concrete (CSC) and river sand concrete (RSC)were
compared. The results show that inclusion of fines improves CSC compressive strength and reduces frost durability of C30 CSC
when fines content reaches 10%, whereas it has little negative influence on frost durability of C60 CSC. Increasing MB value does
not negatively affect compressive strength of C30 CSC but decreases compressive strength of C60 CSC and frost durability of CSC,
and the reduction is more pronounced when MB value exceeds 1.0. Lithology has no prominent influence on frost durability and
compressive strength of CSC within the lithologies (dolomite, limestone, granite, basalt, and quartz) studied. Though compressive
strength of CSC is a little higher than RSC under equal water to cement ratio, frost durability of CSC is no better than RSC especially
for C30 CSC, and air-entraining agent is suggested for enhancing frost durability of C30 CSC exposed to freezing environment.

1. Introduction

Fine aggregate is a necessary raw material for making con-
crete, and its characteristics can impact concrete properties
from workability to strength and durability. In developing
countries where infrastructure constructions are massively
needed like China, growing depletion and expansive cost
of river sand (RS) have resulted in extensive application of
CS. CS refers to fine particles finer than 4.75mm produced
by rock crushing. Generally speaking, CS particles are more
angular and much tougher when compared with RS particles
and particularly contain 10–20% of fines which are finer than
75 𝜇m.These fines are likely to be contaminated by clay in the
field and the presence of clay can be detected by MB value
[1, 2].

A number of researches have been done on properties
of CSC so far. It has been established that qualified concrete
with satisfactory strength and durability can successfully be
prepared using CS [3–5]. At a given water to cement (W/C)
ratio, concrete made with CS often presents higher water
demand and poorer workability than corresponding concrete
made with RS, yet this negative effect can be offset by using

high range water reducer or mineral admixture. Additionally,
coarse texture strengthens the bonding between sand particle
and cement paste, and the fines fill in the voids in cement
paste to generate a denser matrix, which makes CSC have
relatively higher strength and permeability resistance than
RSC [6–8].

Properties of CS are greatly affected by parent rock and
crushing technology [9, 10]. Therefore, various CS may differ
in parent rock lithology, fines content, and the amount of clay
in sand, and it is recognized that these characteristics can
affect both fresh and hardened properties of concrete. How-
ever, relevant researches are concentrated on mechanical or
permeability properties of crushed limestone sand concrete
[3, 11, 12], and effects of such CS characteristics on property
ofCSC, especially frost durability, have been little investigated
yet.

Therefore, this research reports an investigation on the
effects of CS characteristics on frost durability of low- and
high-strength CSC. In the study, frost durability of CSC was
examined using the rapid freezing-thawing (FT) method and
the test results were compared with those of RSC. The com-
pressive strength of CSC was also investigated. Experimental
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Table 1: Physical properties of used cement.

Density (g/cm3) Standard
consistency (%)

Setting time (min) Flexural strength (MPa) Compressive strength (MPa)
Initial Final 3 d 28 d 3 d 28 d

3.13 27.0 125 190 6.8 9.3 30.3 51.2

Table 2: Properties of used fine aggregates.

Lithology Apparent
density (kg/m3)

Crushing
value (%)

Void ratio
(%)

Fineness
modulus∗

Water
absorption (%) Main mineral composition

RS 2630 12.4 36.0 2.81 0.53 Quartz
DL 2837 23.2 44.5 3.15 0.78 Dolomite
LS 2667 24.2 40.6 3.17 0.80 Limestone
GR 2650 18.7 42.7 3.17 0.87 Quartz, sanidine, mica
BA 2895 19.7 45.3 3.24 0.96 Augite, anorthite
QZ 2657 21.3 42.3 3.08 1.07 Quartz, albite
∗Grading of used CS was adjusted by means of sieving to obtain fineness of around 3.1.

results of this research can verify crucial factors affecting
frost durability of CSC and provide technical guidance for
application of CSC in cold regions.

2. Experimental Program

2.1. Materials. The cement used was 42.5-grade ordinary
Portland cement and its physical properties were displayed
in Table 1. The fine aggregates were washed and consisted of
a RS and five CSs of different lithologies, including dolomite
(DL), limestone (LS), granite (GR), basalt (BA), and quartz
(QZ).The properties of fine aggregate were shown in Table 2.
The coarse aggregate (CA) was continuous grading crushed
stonewith amaximumgrain size of 26.5mm, and its apparent
density and crushing value were 2731 kg/m3 and 10.7%,
respectively. The fines (density 2.89 g/cm3, blain surface area
335.4m2/kg) were prepared by grinding washed CS in a
ball mill. The clay (density 2.05 g/cm3, blain surface area
417.8m2/kg) was obtained from amining company.Thewater
reducer (WR) was a high range polycarboxylate superplas-
ticizer (solid content 39%, density 1.07 g/cm3), which is in
conformity with Chinese industry standard JG/T 223-2007
[13].

2.2. Test Methods. Crushing value of aggregates was deter-
mined according to JTGE42-2005 [14]. Compressive strength
of concrete was tested on 150mm cubes in accordance
with JTG E30-2005 [15]. Water absorption of concrete was
measured on 100mm cubes in compliance with ASTMC642-
13 [16]. Frost durability of concrete was tested on 100 ×
100 × 400mm prisms following “the rapid FT method”
according to GB/T 50082-2008 [17]. The prisms specimen
was kept for 28 days of wet curing and then cycled within a
temperature of −18∘C to 5∘C in a FT apparatus at an average
rate of 8 cycles per day.The fundamental transverse frequency
was recorded every 25 and 50 cycles for specimens of C30

and C60 concrete, respectively. The durability factor (DF) is
determined according to the following expression:

DF = 𝐸
𝑟
×
𝑁

300
, (1)

where 𝐸
𝑟
is the relative dynamic modulus of elasticity at 𝑁

cycles (%) and𝑁 is the number of cycles at which 𝐸
𝑟
reaches

60% for stopping the test or the specified cycle number of 300
at which the test is to be terminated.

The relative dynamic modulus of elasticity 𝐸
𝑟
is deter-

mined according to the expression below:

𝐸
𝑟,𝑛
= (
𝑓
𝑛

𝑓
0

)

2

× 100, (2)

where 𝐸
𝑟,𝑛

is the relative dynamic modulus of elasticity after
𝑛 cycles of freezing and thawing (%); 𝑓

𝑛
is the fundamental

frequency after 𝑛 cycles of FT (Hz); and𝑓
0
is the fundamental

frequency before FT cycle (Hz).

3. Results and Discussion

3.1. Influence of Fines Content of CS on Strength and Frost
Durability. Fines were incorporated in concrete as replace-
ment of sand at variable contents, and the mix proportions of
the influence of fines content on concrete frost durability and
strengths are shown in Table 3.

The data in Table 3 show that compressive strengths of
C30 CSC gradually increase with increasing fines content
from 5 to 20%, and the maximum 3 d and 28 d strengths are
obtained at fines content of 20%, which are about 30% and
18% higher than the control, respectively. However, although
3 d compressive strength of C60 CSC increases with fines
content from 3 to 15%, 28 d compressive strength begins to
decrease after achieving a maximum strength at 7%. The
maximum 3 d and 28 d compressive strengths of C60 CSC are
about 14% and 11% higher than the control, which are lower
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Table 3: Concrete mix proportions and strengths of resultant concrete.

Strength grade Fines content Unit weight (kg/m3) Compressive strength
(MPa)

Cement Water CA CS (DL) Fines WR 3 d 28 d

C30

Control 327 180 1079 814 0 0.59 21.3 38.1
5% 327 180 1079 773.3 40.7 0.65 23.8 39.0
10% 327 180 1079 732.6 81.4 0.65 25.6 41.3
15% 327 180 1079 691.9 122.1 0.65 27.4 43.3
20% 327 180 1079 651.2 162.8 0.65 27.7 44.9

C60

Control 531 170 1061 738 0 1.86 52.1 71.1
3% 531 170 1061 715.9 22.1 2.06 52.7 76.1
7% 531 170 1061 686.3 51.7 2.06 57.8 78.9
10% 531 170 1061 664.2 73.8 2.06 58.8 77.7
15% 531 170 1061 627.3 110.7 2.06 59.4 72.9

than the strength improvement of C30 CSC. The increase
of strength can be attributed to filler effect and acceleration
effect on cement hydration of fines [18, 19].

The influences of fines content on frost durability of C30
and C60 CSC are shown in Figures 1 and 2. In Figure 1,
𝐸
𝑟
and DF of C30 CSC under variable FT cycles decrease

with increasing fines content and the trend is prominent
when fines content reaches 10%. C30 CSC containing 20%
fines has the lowest DF which is 68% lower than the control,
indicating increase of fines content significantly decreases
frost durability of C30 CSC. This result is consistent with the
finding of Tsivilis et al. [20], who reported that increasing
incorporation of limestone fines reduced frost durability of
concrete with a high W/C. It should be noted that frost
durability grades of all C30 CSC are within F50–F150, which
implies frost durability of C30 CSC is rather poor. Therefore,
air-entraining agent is expected to improve frost durability of
low-strength CSC exposed to freezing environment.

In Figure 2, 𝐸
𝑟
and DF of C60 CSC under variable

FT cycles nearly remain unchanged with increase of fines
content, and they present a slight decrease when fines content
rises to 10%. For example, the lowest DF of C60 CSC
containing 15% fines is only 3% lower than the control.
Besides,𝐸

𝑟
of all C60CSCafter 300 FT cycles vary from92.3%

to 95.7%, which can be classified as a high frost durability
grade of over F300. This demonstrates that fines have little
negative influence on frost durability of C60 CSC.

Fines belong to a kind of nonpozzolanic filler. The
increase of fines content decreases the relative amount of
cement in powdery materials of concrete, so that there is not
enough cement paste to coat and bind the all aggregates [3];
thus the frost durability is compromised. For instance, when
fines content increases from 0% to 10%, volume percentage of
cement in powdery materials in C30 concrete considerably
drops from 100% to 79%, whereas that in C60 concrete
decreases from 100% to 90%.

Frost durability of C30 CSC is inherently poor owning
to high W/C. Additionally, cement content of C30 CSC is

relatively low. Thus inclusion of fines significantly decreases
the relative amount of cement and thereby reduces frost
durability. However, C60 CSC has high frost durability due
to low W/C and high cement content, which cause frost
durability of C60 CSC to be much less sensitive to variation
in fines content as compared to that of C30 CSC.

3.2. Influence of MB Value of CS on Strength and Frost
Durability. MB value of CS was adjusted by incorporating
clay as partial replacements of fines at fixed fines content of
10%. Concrete mix proportions and compressive strengths
are shown in Table 4, and frost durability of C30 andC60CSC
is depicted in Figures 5 and 6, respectively.

As can be seen in Table 4, the maximum compressive
strengths of C30 CSC at 3 days and 28 days are achieved
at MB value of 1.0, which are 24% and 17% higher than the
control, and beyond 1.0 the compressive strengths begin to
decrease. It is also noticeable that compressive strengths of
all C30 concrete samples are higher than the control, which
illustrates increase of MB value does not negatively affect
strength of C30CSC. Similar results were obtained previously
by Courard et al. [2], who reported no strength reduction
was found when certain amount of clay was incorporated in
a mortar with W/C of 0.67.

However, in the case of C60 CSC, compressive strengths
decrease with increase of MB value from 0.3 to 2.0, and they
become lower than the control when MB value exceeds 1.0,
which varies from the influence of MB value on compressive
strength of C30 CSC.Theminimum compressive strengths of
3 d and 28 d are observed at MB value of 2.0, which are about
7% and 10% lower than the control.

C30 concrete is vulnerable to segregation and bleeding
for its high W/C and low cement content. Inclusion of
fines containing clay enhances cohesiveness of fresh concrete
and fills in the voids in hardened concrete, which may
create a denser matrix and thus improve strength (Figure 3).
Nevertheless, for C60 concrete with low W/C, clay may
not only prevent cement hydration due to absorbing free
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Figure 1: Effect of fines content on frost durability of C30 CSC: (a) 𝐸
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Figure 3: SEM images of ITZ in C30 CSC: (a) the control; (b) MB value 1.0; (c) MB value 2.0.
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Table 4: Concrete mix proportions and strengths of resultant concrete.

Strength grade MB value
(g/kg)

Unit weight (kg/m3) Compressive
strength (MPa) WA (%)

Cement Water CA CS (DL) Fines Clay WR 3 d 28 d

C30

Control 327 180 1079 814 0 0 0.59 21.3 38.1 0.96
0.3 327 180 1079 773.3 81.4 0 0.65 25.6 41.3 0.94
0.5 327 180 1079 773.3 79.9 1.5 0.65 25.9 43.7 0.93
1.0 327 180 1079 773.3 76.3 5.1 0.65 26.3 44.6 0.97
1.4 327 180 1079 773.3 73.6 7.8 0.65 26.2 44.3 1.01
2.0 327 180 1079 773.3 69.9 11.5 0.65 26.0 43.9 1.05

C60

Control 531 170 1061 738 0 0 1.86 52.1 71.1 0.63
0.3 531 170 1061 664.2 73.8 0 2.06 58.8 77.7 0.60
0.5 531 170 1061 664.2 72.4 1.4 2.06 58.0 72.4 0.61
1.0 531 170 1061 664.2 69.2 4.7 2.06 53.1 71.7 0.67
1.4 531 170 1061 664.2 66.7 7.1 2.06 52.0 65.9 0.80
2.0 531 170 1061 664.2 63.4 10.4 2.06 48.5 64.0 0.97

Table 5: Concrete mix proportions and strengths of resultant concrete.

Strength grade Lithology Unit weight (kg/m3) Compressive
strength (MPa)

Cement Water CA Sand Fines WR 3 d 28 d

C30

RS 327 180 1079 814 0 0.59 20.1 37.4
DL 327 180 1079 814 0 0.59 21.3 38.1
LS 327 180 1079 814 0 0.59 21.9 39.2
GR 327 180 1079 814 0 0.59 21.6 40.3
BA 327 180 1079 814 0 0.59 22.6 40.1
QZ 327 180 1079 814 0 0.59 20.3 38.9

C60

RS 531 170 1061 738 0 1.86 50.5 69.9
DL 531 170 1061 738 0 1.86 52.1 71.1
LS 531 170 1061 738 0 1.86 53.5 72.9
GR 531 170 1061 738 0 1.86 55.7 75.8
BA 531 170 1061 738 0 1.86 54.9 74.8
QZ 531 170 1061 738 0 1.86 53.9 72.8

water, but also generate voids in hardened cement paste or
microcracks in interface transition zone (ITZ) [21, 22] after
shrinking (Figure 4). In turn, the strength is impaired.

Influences of MB value on 𝐸
𝑟
and DF of C30 and C60

CSC are shown in Figures 5 and 6, respectively. It is apparent
that 𝐸

𝑟
and DF of both C30 and C60 CSC under variable FT

cycles decrease with increasing MB value, and the decrease
is more pronounced when MB value exceeds 1.0. When MB
value increases from 0.3 to 2.0, frost durability grade of C30
CSC decreases from F125 to F25 (DF drops from 30.4% to
8.0% relevantly), while that of C60 CSC decreases from over
F300 to F200 (DF drops from 95.7% to 47.2% relevantly).This
indicates increase of MB value significantly deteriorates frost
durability of C30 and C60 CSC.

MB value of CS reflects the relative amount of clay
in fines, and an increase of MB value indicates increasing
amount of clay in concrete [1, 2]. Consequently, it is supposed
that clay accounts for reduction of frost durability. Firstly,

clay particles expand after absorbing water in fresh concrete
and later shrink to leave voids in hardened concrete, which
generates higher porosity and thus decreases strength and
impermeability and, secondly, dehydrated clay particles will
absorb water again in water-saturated environment, both
of which result in a higher water absorption (WA, as seen
in Table 4) and increase saturation degree of concrete.
Saturation degree is found to be the key factor affecting frost
durability [23]. Hence the frost damage is exaggerated during
FT cycles, and the higher the MB value of CS is, the greater
the frost durability is reduced.

3.3. Influence of Lithology of CS on Strength and Frost
Durability. One RS and five CSs of different lithologies were
selected to prepare concrete according to mix proportions
in Table 5. The influences of CS lithology on compressive
strength and frost durability of CSC were studied, and the
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Figure 4: SEM images of ITZ in C60 CSC: (a) the control; (b) MB value 1.0; (c) MB value 2.0.
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Figure 8: Effect of lithology on frost durability of C60 concrete: (a) 𝐸
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frost durability between CSC and RSC with equal W/C was
compared.

As shown in Table 5, 28 d compressive strengths of C30
and C60 concrete made with various CSs are within range of
38.1–40.3MPa and 71.1–75.8MPa. It can be calculated that the
variation coefficient of strength is around 2%, which indicates
CS lithology seems to have little impact on compressive
strength of C30 and C60 CSC. However, concrete made with
granite CS presents relatively higher strength than the other
groups. This is probably due to the fact that granite CS
particles have higher mechanical strength (lower crushing
value) than the others, which increases the mechanical
interlocking with cement paste [24]. In addition, the average
28 d compressive strength ofCSC is about 5%higher than that
of RSC. This can be attributed to the fact that CS particles
have tougher surface texture and more angular shape, which

enables them to have stronger bonding with cement paste
than RS particles do [6, 11].

The influences of lithology on 𝐸
𝑟
and DF of C30 and C60

concrete are shown in Figures 7 and 8. In Figure 7, 𝐸
𝑟
of

C30 concrete prepared with CS of different lithologies are not
below 60% until FT cycle number reaches 125, while 𝐸

𝑟
of all

C60 concrete samples are above 90% after 300 FT cycles.This
illustrates that frost durability grade of all C30 CSC is F125
while that of all C60 CSC is over F300. Moreover, the DF
differences among C30 CSC and C60 CSC are less than 2%
which is nearly negligible. Therefore, it can be stated that CS
lithology has no prominent influence on strength and frost
durability within the lithologies studied.

Figures 7 and 8 show that frost durability grades of C30
CSC and RSC are, respectively, F125 and F200, and DF of
C30 CSC is 42% lower than that of C30 RSC. However,
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no remarkable difference is noticed between frost durability
grade and DF of C60 CSC and RSC. This manifests that
frost durability of C60 CSC is nearly equal to that of C60
RSC, whereas frost durability of C30 CSC is much poorer
than that of C30 RSC. This could be due to the fact that
microcracks are likely generated on surface of CS particles
after crushing [9, 10], which results in water absorption and
crushing value of CS particles being much higher than those
of RS particles. According to the data in Table 2, water
absorption and crushing value of the used RS are 0.53% and
12.4%, and the average water absorption and crushing value
of studied CS are 0.95% and 21.4%, which are nearly twice as
high as those of RS particles.

For C30 concrete with low strength and impermeability,
CS particles with high crushing value (low mechanical
strength) and water absorption (high permeability), together
with the interface between sand particle and cement paste,
might be damaged by freezing of water penetrated into
concrete, which leads to frost durability of C30 CSC being
reduced and poorer than that of C30 RSC. However, as for
C60 concrete having high strength and impermeability, the
sand particles are so well bonded by cement paste that neither
the sand particle nor interface could be frozen to damage.
Thus, frost durability of C60 CSC is rarely affected and nearly
equal to that of C60 RSC.

Crushing values and water absorptions of the used CS
are almost around 20% and 0.9%, respectively, which may
account for inconspicuous frost durability difference of con-
crete prepared with CS of various lithologies. Parent rock
lithology can affect water absorption and crushing value of
CS, and some researcher believed they were related to frost
durability of concrete [25, 26]. Therefore, in the next stage of
study, more representative CS samples should be selected to
investigate the effect of water absorption and crushing value
of CS on frost durability.

4. Conclusion

Based on the experimental results of this research, the fol-
lowing conclusions can be drawn:

(1) Increasing fines content of dolomite CS improves
concrete strength and reduces frost durability of C30
CSC when fines content reaches 10%. However, it has
little negative effect on frost durability of C60 CSC.

(2) Increasing MB value of dolomite CS does not neg-
atively affect strength of C30 CSC but decreases
strength of C60 CSC and frost durability of CSC, and
the reduction is more pronounced when MB value
exceeds 1.0.

(3) CS lithology has no prominent influence on frost
durability and strength of CSC within the lithologies
studied.

(4) Compressive strength of CSC is a little higher than
RSC under equal W/C, yet frost durability of CSC is
no better than RSC especially for C30 CSC.

(5) To ensure frost durability of CSC, fines content and
MB value of CS should be limited to be less than

10% and 1.0. Air-entraining agent is suggested for
enhancing frost durability of C30 CSC exposed to
freezing environment.
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In the detailed study presented in this paper, an attempt was made to study the strength of cement when cenosphere (CS) and
silica fume (SF) were used as replacement. Tests were carried out on mix with cenosphere as replacement for cement which has
12% of constant replacement of silica fume to the mass of cement, and this is made to stabilize the strength which was lost due to
addition of cenosphere. From the test results, it was concluded that the strength loss of binder due to replacement of cenosphere
can be stabilized by silica fume and still a safe value of strength can be achieved. Furthermore, the strength reduction is due to the
consumption of hydration products and cloggy microstructure as observed in this study.

1. Introduction

A cenosphere is a lightweight, hollow sphere made largely of
silica and alumina and filledwith air,metals, or gas.The ceno-
sphere was produced as a byproduct of coal combustion at
thermal power plants. Blanco et al. [1] used powder-packing
principle to produce lightweight concrete with cenospheres
as primary “aggregate.” With this cenosphere, an ultralight-
weight concrete can be manufactured with 1430 kg/m3 with
compressive strength of 60MPa [2]. It was also found that the
surface modification of cenospheres accompanied by com-
patibilization led to the substantial improvement ofmechani-
cal properties and thermal stability of the composites [3].The
mechanical properties of polymer-cenospheres composites
are inferior owing to poor interfacial interactions between the
hydrophilic cenospheres surface and the hydrophilic polymer
[4]. Thus, tetrasulphane modified cenosphere can be used as
reinforcing filler [5]. It was found that cenospheres were not
deleterious due to alkali silica reaction; also, fine cenospheres
showed limited pozzolanic reactivity at 28–30∘Cand 38∘Cbut
exhibited significant pozzolanic reactivity at 80∘C with alu-
minum tobermorite [Ca

5
Si
5
Al(OH)O

17
⋅5H
2
O] and this was

identified as the main reaction product [6]. The cenosphere-
concrete composites show a structure of disintegrated pores,
leading to low permeability; the pores were also found in the
range of 2 to 5 micron meter [7]. The lightweight concrete
prepared with powder-packing theory in order to obtain
concrete with the lowest possible density was tested and the
results show the loss of resistance to compression in depen-
dence on density [1]. Cenospheres in fly ash-cement systems
appear to act as energy-dissipating inclusions in fracture and
do not necessarily weaken the system [8]. As for a matrix to
maintain the strength of binding material, we had used silica
fume. Silica particles with the size from 100 nm to 2 𝜇mwere
chosen [9]. In addition, silica is known to be used in construc-
tion industry to increase the strength of concrete as micro-
filler and a reactant in pozzolanic reaction during cement
hydration [10]. It was proved that silica fume with 5%, 10%,
and 12% of replacement with an adequate amount of super
plasticizer and W/B ratio improves the properties of cement
grout [11]. It was also proved that addition of finer particles
will ensure higher durability [12]. In the present study, the
effect of cenosphere along with silica fume on the properties
of binding material was investigated.
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Table 1: Properties of cement, cenosphere, and silica fume.

(a)

Physical properties
Cement Cenosphere Silica fume

Blaine surface
Area (m2/Kg) 380 320 1500

Particle mean
Dia (𝜇m) <32 <100 <1
Specific gravity 3.1 0.9 2.3
Loss of ignition 2% 1.30% —

(b)

Chemical properties
Cement Cenosphere Silica fume

SiO
2 23% 65.00% 89.00%

Al
2
O
3 4.20% 36.00% 10%

MgO 0.20% 2.50% —
Fe
2
O
3 1.20% 3.00% 2%

CaO 63% 0.50% 0.45%

2. Materials and Experimental Investigation

2.1. Materials Used in This Study. Ordinary Portland cement
conforming to IS: 12269 (Indian Standard Designation, IS:
12269-1987) was used for this study. River sand obtained from
Tamil Nadu Minerals Limited (State Government of Tamil
Nadu) with specific gravity of 2.65 and fineness modulus of
2.64 was used as fine aggregate. In the present investigation,
potable water was used. The cenospheres used in this study
were obtained from Ash Tech, and Elkem silica fume was
used. The properties of cement, cenosphere, and silica fume
were given in Table 1.

2.2. Experimental Methods for Investigation. The mortar
cubes were prepared with 1 : 3 of cement : fine aggregate ratio
andwater/binder ratio was fixed as 0.45; with this proportion,
the mortars were prepared using mortar mixing machines.
The cenosphere was used as replacement to cement up to
30% by weight of cement and the details of replacement were
presented in Table 2. The mortar cubes of size 70.6mm ×
70.6mm× 70.6mmconforming to IS: 10080-1982were tested
for compressive strength at 7 days, 14 days, and 28 days
of age. Each layer is well compacted by a tamping rod of
12mm diameter. After the compaction, the top surface is
levelled using a trowel and left for 24 hours to dry in room
temperature of 31∘C with 75% humidity. On the next day,
at room temperature of 30∘C and 60% humidity, the mortar
cubes are kept inside a curing tank filled with potable water.
The specimens are tested with a 2000 kN capacity hydraulic
compression testing machine, as per IS: 4031-1982 (Part 6).

The specimens were also studied by scanning electron
microscopy andXRDPatterns. Samples for scanning electron
microscopy (SEM) analysis are taken near the surface (0-
1mm depth) of specimens. Microstructural studies utilized
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Figure 1: Compressive strength of mortar cubes.

SEM (Hitachi S-3000H, Japan) equipped with EDAX ana-
lyzer for microstructural observations of the surfaces, which
is coated with evaporated copper for examination. A SEM
analysis is done at a maximum magnification of 5000x with
energy 20 keV and a high resolution of 3.5 nm. For this
analysis, samples of size 10mm cubes are cut with a saw cutter
on 28th day. The XRD analysis is carried out with a Siemens
D-5000 X-ray diffractometer with Cu K-beta radiation and
2 scanning with a step size of 0.02∘ and a measuring time of
10.00Deg/minute. A voltage of 40 kV and current of 15 mA
are used. Samples are collected from the cubes after 28 days of
water curing and powdered in ball mills to pass through the
sieve size of 90𝜇.

3. Results and Discussions

3.1. Compressive Strength of Mortar Cubes. At 3 days, 7 days,
and 28 days, the mortar cubes strength were tested and
the results were discussed in Table 2 and Figure 1. The
results show that the addition of cenosphere alone reduces
the mechanical strength of mortar; instead, the strength can
be stabilized using silica fume as constant replacement in
cement. The test results at 3 days strength show that the
strength of SFCS5, SFCS10, SFCS15, SFCS20, SFCS25, and
SFCS30 decreases by 5.71%, 8.57%, 14.29%, 20%, 22.86, and
28.57% in comparison with SFCS0. The test results at 7 days
strength show that the strength of SFCS5, SFCS10, SFCS15,
SFCS20, SFCS25, and SFCS30 decreases by 7.37%, 10.71%,
12.95%, 20.20%, 22.99, and 26.69% in comparison with
SFCS0. The test results at 28 days strength show that the
strength of SFCS5, SFCS10, SFCS15, SFCS20, SFCS25, and
SFCS30 decreases by 4.36%, 5.57%, 10.10%, 15.85%, 18.29%,
and 20.03% in comparison with SFCS0.

It was noted that all the values of SFCS series are more
than the required target strength which is required for a 43
Grade cement which has a value of 43MPa, and the same
pattern was observed on all ages. Also, it was noted that as
the ages increase the strength variationwith SFCS0 decreases,
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Table 2: Results on compressive strength of mortar cubes.

S. Number Mix ID % replacement of cenosphere to cement Compressive strength in MPa
3 days 7 days 28 days

1 SFCS0 0 35 45 57
2 SFCS5 5 33 42 55
3 SFCS10 10 32 40 54
4 SFCS15 15 30 39 52
5 SFCS20 20 28 36 48
6 SFCS25 25 27 35 47
7 SFCS30 30 25 32 46

C-S-H
C-S-H

Figure 2: SEM image for SFCS0 specimen.

Ettringite

Figure 3: SEM image for SFCS5 specimen.

which shows that the active cenosphere content present in
cement as replacement delays the strength attainment which
may in turn reduces the microstructural cracks and their
shrinkage. It has also been observed that the density gets
reduced [1, 13].

3.2. SEM and XRD Analysis. Figure 2 shows the micrograph
of SFCS0 specimen, and this shows the denseness of control
specimen along with hydration products. The control spec-
imen behaved as would have been predicted by literature.
Considerable amount of calcium hydroxide formation was
observed in the specimen.The SFCS5micrograph was shown
in Figure 3 which has clustered structure. The structure was
due to the presence of alumina silicate in cenosphere and
silica from silica fume. The formation of ettrignite was also
observed [14]; this may be due to the reduction in hydration

Pore
C-S-H

Figure 4: SEM image for SFCS10 specimen.

Mullite

Figure 5: SEM image for SFCS15 specimen.

which can be substantiated by the earlier studies [15]. Figure 4
shows the SEM image of SFCS10 specimen, the disintegration
is due to the consumption of calcium hydroxide due to
the pozzolanic reaction and carbonation effect. But still the
reaction of silica fume holds the structural integrity through
its silicious effects [1]. Figure 5 shows the SEM image of
SFCS15 specimen, and, from the observation, it is evident that
the presence of mullite and aluminosilicate by the addition
of cenosphere replaces the spaces created by the absence
of portlandite [16, 17]. Also, some microstructural cracks
were identified through the image. Figure 6, SEM image
for SFCS20, shows that the cenosphere starts to appear in
abundancewhich is due to the higher percentage replacement
of cenosphere. The traces of ettrignite were also observed
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Cenosphere

Ettringite

Figure 6: SEM image for SFCS20 specimen.

Excess 
calcium

Figure 7: SEM image for SFCS25 specimen.

and it is substantiated by the XRD graph in Figure 9. The
micrograph shows that the silica fume and cenosphere were
well dispersed inside the structure and the bonding was
maintained. Figure 7 shows the micrograph for the specimen
SFCS25; the structure is disintegrated and it is due to the reac-
tion of excess calcium from cenosphere over the pozzolanic
products. The surface becomes cloggier and the abundance
of cenosphere was also noted. The SEM image of SFCS30
is shown in Figure 8 and the microstructure is completely
disintegrated and shows heavier cracks. Even the occurrence
of hydration products was very low and was confirmed
through the XRDgraph in Figure 9. From all the observations
of SEM images from Figures 2–8, it can be identified that
the cenosphere has an effect on microstructural part of the
cement mortars. The cenospheres behave initially as fillers,
and, as the percentage of replacement increases, it reacts
with the hydration materials causing the structure to become
disintegrated and creation of microstructural cracks which in
terms affects the strength and performance of the mortars.
The cement pastes with higher replacement of cenospheres
have tortuous and cracked patterns. The interaction shows
the boundary layer separation between cenosphere and the
cement paste and the crack passes through these regions.This
separation is due to the less adhesion between the cenosphere
and calcium hydroxides present in the paste. Most of the
cracks go through the cenospheres which shows the energy-
dissipating mechanism. Also, the cenosphere surfaces parted
from cement materials showed less chemical reaction [6, 8].

Microcracks

Figure 8: SEM image for SFCS30 specimen.

SFCS0
SFCS5
SFCS10
SFCS15

SFCS20
SFCS25
SFCS30

A P Q

A P E Q

P Q

PM Q
P Q

P Q

P Q

2𝜃 scale

Figure 9: XRD analysis result in 2𝜃 scale. P: portlandite; Q: quartz;
A: aluminosilicate; E: ettrignite; M: mullite.

Figure 8 shows the results of XRD analysis. The excess
alumina silicate in cenosphere attributed to the reduction in
strength of the mortar. These alumina and silicate have effect
on the pozzolanic reaction, hence forming void in the region
of pozzolanic products. The abundance of mullite is also
related to the percentage of replacement of cenosphere. The
occurrence of portlandite reduces with increase in percentage
of cenosphere and the trace of ettrignite is observed in
specimens with higher percentage of cenosphere. The XRD
results show that the addition of cenospheres improves the
crystallization of hydration products. The chemical reac-
tion between the cenosphere and hydration product was
observed and this attributed to the decrease of portlandite
and its formation [18]. And this results in the disintegrated
microstructure. Thus, excessive addition of cenosphere may
result in the inferior quality of cement mortars and reduced
mechanical performance.

Thus, from the above studies, the cement mortar with
replacement of cenosphere along with silica fume performs
well with a reasonable amount of cenosphere; as the percent-
age of cenosphere increases, the strength starts to decrease;
hence, it should be noted that the strength loss due to the
addition of cenosphere should be well balanced by means of
strength enhancing technique.



Advances in Materials Science and Engineering 5

4. Conclusions

This study demonstrated that mortar cubes can be produced
with combination of cenosphere and silica fume as a replace-
ment for cement. The test on mortar cubes revealed that
cement losses its strength due to replacement of cenosphere,
but the strength loss can be stabilized by adding silica
fume. The specimens even though loss their strength and
the strength limit falls within the safer limit and confirms
required strength. The strength decrement reduces by ages,
showing that the strength attainment is slowed by the addi-
tion of cenosphere. The microstructure was also studied and
it shows the disintegrated structures on higher replacement
of cenosphere. It was also noted that the hydration products
react with cenospheres, and, due to this, reduction in quantity
of portlandite was observed resulting in strength decrement.
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Conventional solid reinforced concrete (RC) beams were modified to slotted beams for consideration as thermal insulation
structural components. The slotted beam consisted of an outer and an inner beam, respectively, with a slot located near the middle
of the beam along its width direction for filling thermal insulation material. Flexural and thermal behavior of the slotted beams
were investigated. Three RC reference solid beams and six slotted beams were fabricated and tested under four-point bending
tests. The test results indicated that the failure mode of both slotted beams and the solid beams was flexural failure. However, the
damage process of the slotted beams was different from that of the solid beams at the final loading stage. The moment curvature
analysis indicated that the tensile reinforcement ratio of the outer and inner beams had an important effect on the flexural behavior,
especially the ductility of the slotted beams.Thermal study indicated that the heat transfer coefficient of the slotted beamwas greatly
reduced and the thermal inertia factor increased a lot, compared with the solid beam. In addition, FE simulation results showed
that a new frame structure using slotted beams exhibited obvious and attractive thermal insulation property.

1. Introduction

Building energy conservation is one of the most important
energy-saving policies in developing and developed countries
[1]. For a building, thermal bridge refers to a component
with a relatively higher heart transfer than the surrounding
parts, which leads to a significant reduction in the thermal
insulation of the building. Thermal bridges generally exist
in building structures [2, 3], such as frame structures, shear
wall structures, and masonry structures. For a reinforced
concrete (RC) frame structure, the beams and columns all
contribute to thermal bridges. Generation and characteristics
of thermal bridge are related to the material properties of
the structure and the layout of the structure. In a building,
its walls, windows, beams, and columns are the main com-
ponents to generate thermal bridges. If these components
can be designed to have an enhanced thermal insulation and
reduced heat conduction performance, the issue of thermal
bridges in building structures can be solved.

In general, the popular external wall thermal insulation
can be classified into exterior insulation and inner insulation
of the external wall. Inner insulation of external wall is a
technique which uses thermal insulating layer on the inner
surface of the external wall of a structure. Because the
insulating layer hides inside the walls, this technique reduces
the usable area of the structure, affects the redecoration, and
generates mildew andmoisture condensation in the walls. To
date, the technique of exterior insulation of the external wall
is still not so mature; for instance, the construction is difficult
and the energy-saving investment is high. Meanwhile, the
outside insulation layer is under the risk of fire disaster, is
easy to drop off and gets seepage in rainy weather; it is
difficult to paste ceramic tile or hang marble on the thermal
insulating layer and the durability of the exterior insulation
system is reduced because it is directly exposed to the outdoor
atmosphere. To solve these problems, self-thermal insulation
building blocks such as thermal insulation concrete block [4],
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Figure 1: Sketch of energy conservation slotted beam-wall system: (a) constructional details of the slotted beam and (b) the view after self-
thermal insulation wall constructed.

hollow block [5], and vacuum insulation window [6–8] have
been developed and adopted in practical application.

For RC frame structures, the use of self-thermal insula-
tion building blocks and vacuum insulation windows pre-
vents the walls and the windows from generation of thermal
bridges, and hence thermal bridges mainly exist in beams
and columns. This paper presents a new type of energy
conservation slotted beam-wall system, as shown in Figure 1.
Conventional reinforced concrete (RC) beams are modified
into slotted beams, and the gap between the outer and inner
beams is used to fill with thermal insulation materials. Self-
thermal insulation wall is constructed on the slotted beams.
It is obvious that this type of slotted beam-wall structure
possesses a favourable thermal insulation property, because
the thermal bridges at the beams and columns can be reduced
effectively. Meanwhile, this new energy conservation wall
system is convenient in construction.

In this paper, the feasibility of slotted RC beams as
thermal insulation structural components was investigated.
Three reference solid beams and six slotted beams were
fabricated and tested under four-point bending test. The
flexural behavior of the slotted beams was investigated in
detail, including failure mode, load-deflection response, and
moment curvature analysis.The effects of reinforcement ratio
and width ratio of the inner beam to the outer beam on the
flexural behavior of slotted beamswere investigated, and then
a design method for slotted beam was proposed.The thermal
properties of the slotted and solid RC beams were analysed
and compared. In addition, the thermal performance of the
slotted beam-wall system was investigated through finite
element method (FEM) analysis.

2. Experimental

2.1. Fabrication of Beams. In order to study the flexural
behavior of the slotted beams, a total of 9 beams were
designed and constructed, including 6 slotted beams and 3
reference solid beams. As displayed in Figure 2(a), the width
of the slot is 30mm and the distance from the slot to the

left/right end is 150mm.The totalwidth of the outer and inner
beam of a slotted beam is 250mm,which is equal to the width
of the solid beam. The depth and the length of the slotted
beams are identical to those of the reference solid beams, with
a depth of 250mm and a length of 3000mm. The inner and
the outer beam were designated as “beam A” and “beam B”,
respectively (Figure 2(a)).

The reinforcement details of the tested beams are also
shown in Figure 2. Detailed descriptions of the specimens are
given in Table 1. Constructional reinforcement was used for
the compressive region of the beam. The following aspects
were considered in the tests: the reinforcement ratio of beam
A and beam B and the width ratio (𝑏A/𝑏B).The amount of the
tensile reinforcement, the compressive reinforcement, and
the shear reinforcement of the slotted beam were designed
to be close to those of the corresponding reference solid
beam, in order to facilitate comparison of the results. In
Table 1, SB denotes the slotted beams and RB denotes the
reference solid beams. The number behind SB denotes the
section type, reflecting the width ratio (𝑏A/𝑏B). The diameter
of the longitudinal reinforcement rebar in beam B is given
at the last part of the specimen denomination. For example,
SB1-14 represents a slotted beam with section type 1, and the
diameter of the rebar in beam B is 14mm.The reference solid
beam for SB1-14 and SB2-14 is RB-14.

The mix proportion of concrete is listed in Table 2.
The concrete compressive strength of each specimen was
determined from the compression test on 150 × 150 ×
300mm standard concrete prism. Deformed steel was used
for longitudinal reinforcement and plain steel was used for
hoop reinforcement. Mechanical properties of the rebars are
given in Table 3.

2.2. Experimental Program. Figure 3(a) shows a slotted beam
under four-point bending test. The locations of the two con-
centrated loads and the supports are given in the schematic
view in Figure 3(b). Dial indicators with an accuracy of
0.01mm were fixed at the bottom of the beams to record
the deflection responses, as shown in Figure 3(a). For slotted
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Figure 2: Specimen dimensions and reinforcement: (a) sketch of a slotted beam; (b) solid RC beam; and (c) slotted beam (units: mm).

Table 2: Concrete mix proportion.

Component Water Ordinary
Portland cement Sand Coarse aggregate

Quantity (kg/m3) 173 392 487 1249

beams, two dial indicators were used for each position to
record the deflection of beamAandbeamB, respectively.Dial
indicators were also fixed at the left and right ends of each
beam to record the displacement of the beam ends. Crack
width observation instrument with an accuracy of 0.02mm
was carefully used to measure the maximum crack width of
the beams. The spacing between the cracks and the crack
number were also measured and marked at load intervals.
Strain gauges on the tensile rebars and concrete surface at
the middle span of the beams were recorded. During the test,
the loads corresponding to the appearance of the first tensile
crack and tensile rebar yielding were also recorded.The four-
point bending test was conducted according to the standard
for test method of concrete structures in China [9].

3. Four-Point Bending Test Results
and Analysis

3.1. Crack andDamage Patterns of the Solid and Slotted Beams.
The damage patterns of the solid beams and slotted beams

Table 3: Mechanical properties of the reinforcement rebars.

Material type Yield strength (MPa) Ultimate strength (MPa)
B10 382 536
B12 376 556
B14 379 543
B16 385 549
A6 346 464
A8 352 478

are shown in Figure 4. For the solid beams, the first crack
was tensile crack and appeared in the flexural zone near
the middle span of the beam. With an increase of the load,
new tensile cracks appeared and the former tensile cracks
developed into the upper part of the beam. Shear cracks were
observed near the ends of the beams at the late loading stage,
because the shear force and moment were both significant in
this region. Concrete crush was observed on the compressive
region of the middle span of the beam at the final loading
stage. Therefore, it can be concluded that the final failure
mode of the solid beams was the flexural failure.

For the slotted beams, the first tensile crack appeared
on the surface of the middle span of beam A and beam B,
respectively. Then, the cracks in both beam A and beam B
developed on the surfaces of the beams with the increase
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Figure 3: Four-point bending test system of the RC beams: (a) photo of the test devices; (b) sketch of the test devices (units: mm).
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Figure 4: Damage patterns of the beams: (a) RB-14 and (b) SB1-14.

of the load. At the final loading stage, concrete crushing
began to appear in the compression region at the middle
span of beam A and beam B. The mechanical behavior of
beam A and mechanical behavior of beam B of a slotted
beam were different from each other, due to the difference
in the section dimension and reinforcement ratio. Since the
deflections of beam A and beam B at the middle span were
almost similar to each other caused by the loading scheme
used in the test, the concrete crushing at the middle span of
beam A and beam B did not appear simultaneously, resulting

in the different ductility behavior of beam A and beam B.
The failure process of the two parts of the slotted beams
observed during the final loading stage demonstrated this
inference. More in-depth analysis concerning the ductility
behavior of the two parts of the slotted beams will be given in
Section 3.3. Though the mechanical behavior of beam A and
beam B was different, severe concrete crushing was observed
at the middle span of both beam A and beam B at the failure
stage, indicating that the final failure model of the slotted
beamswas flexural failure.Therefore, it can be concluded that
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Table 4: Test results of the specimens.

Specimen
identifier

Yielding deflection
Δ
𝑦
(mm)

Yielding load
(kN)

Peak load
capacity (kN)

Ultimate deflection
Δ
𝑢
(mm)

Ductility ratio
𝜇
Δ

(1)

RB-10 11.0 98.6 113.0 69.6 6.3
RB-12 11.9 108.0 120.6 67.1 5.6
RB-14 12.3 128.6 141.0 60.7 5.0
SB1-14 12.3 129.5 132.9 51.2 4.2
SB2-10 14.9 106.7 109.9 56.1 3.8
SB3-12 12.2 108.6 120.0 52.6 4.3
SB1-12 12.6 113.8 118.9 64.4 5.1
SB2-14 12.4 129.5 135.0 61.2 4.9
SB3-10 14.8 96.6 103.8 46.8 3.2
Note: (1)the ductility of the beam was calculated by Δ

𝑢
/Δ
𝑦
.
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Figure 5: Deflection curves of the solid beams.

the damage process of the slotted beams exhibited a certain
difference from that of the solid beams.

3.2. Load-Deflection Curve Analysis. The flexural load-
deflection curves of the solid RC beams are given in Figure 5.
These curves can be divided into three stages: precrack stage,
preyield stage, and postyield stage. The initial linear portion
of the curves shows that the stiffness of the beams remained
constant prior to the cracking load.The initial cracking point
of the three solid beams were almost identical, because the
section dimension and the concrete strength of the three
beams were almost the same. After the cracking load, the
stiffness of the solid beams decreased gradually, as displayed
in Figure 5. The yield strength and load capacity increased
with the increase in the tensile reinforcement ratio. Because
all the three beamswere under-reinforced beams, with tensile
reinforcement ratio of 1.0%, 1.1%, and 1.3%, respectively,
obvious ductility behavior can be observed from the load-
deflection curves. The mechanical properties of the solid

beam are given in Table 4, where the yielding load was
determined when the strain gauges pasted on tensile steel
reached yielding strain; the ultimate deflection corresponded
to the displacement when vertical load decreased to 85% of
the peak load capacity. In Table 4, it can be found that the
ductility ratio of the solid beams decreased with the increase
in the tensile reinforcement ratio.

It was difficult to fix load cells at the two fulcrums of the
steel distribution beam during the four-point bending test, so
the concentrated force applied on the two parts of the slotted
beamswas notmeasured during the tests. Because both beam
A and beam B entered into nonlinear stage after cracking
point, it was improper to calculate the actual load applied on
each part of the two beams based on the initial elastic cross-
section stiffness of each beam. For a slotted beam, the dial
indicators showed that the deflections of beamA and beam B
were almost the same.Therefore, the total load applied on the
top of the distribution beam and the average readings of the
dial indicators were used to depict the load-deflection curves
of the slotted beams.

Figure 6 shows the deflection curves of the slotted beams
and the corresponding solid beams. Before the deflec-
tion curves entered into the descending branch, the load-
deflection curves of the slotted RC beams were close to that
of the corresponding solid RC beam, indicating that the
cracking load and yielding load of the slotted beams were
almost similar to those of the corresponding solid beam.
For SB2-10, the ductility of the load-deflection curves of the
slotted beams was lower than that of the corresponding solid
RC beamRB-10, and the ductility of SB3-10 became obviously
lower than that of SB2-10. Obvious lower ductility was also
observed for the slotted beams SB3-12 and SB1-14, comparing
with their corresponding solid RC beam. However, the load-
deflection curves of SB1-12 and SB2-14were close to that of the
corresponding solid beam and it can be found that the differ-
ence between the reinforcement ratio of beam A and beam B
of SB1-12/SB2-14 was obviously smaller than that of the other
slotted beams. This experimental phenomena indicated that
the reinforcement ratio of beamAand beamBhad an obvious
effect on the flexural behavior of the slotted beams. Detailed
analysis for this phenomena will be given in Section 3.3.
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Figure 6: Load-deflection curves of the slotted beams: (a) SB2-10 and SB3-10; (b) SB1-12 and SB3-12; and (c) SB1-14 and SB2-14.

3.3. Moment Curvature Analysis. The moment curvature
relationship of a beam section can be calculated by using the
information of the beam section size, the reinforcement, and
the stress-strain curves of the material. In the calculation,
the stress-strain curves of the steel rebars obtained from the
axial tensile tests were used, and the stress-strain curves of
the concrete followed the modified Kent-Park model [10, 11].
The calculation process of moment curvature relationship of
a beam section was described in detail in relevant reference
[12] and hence is omitted here. The moment curvature
curve of all the solid beams is shown in Figure 7, and the
values corresponding to the yield point, peak point, and
failure point are given in Table 5. The results show that the
moment capacity of the beam section increased with the
increase in the reinforcement ratio; however, the curvature

ductility exhibited a decrease trend, because increased tensile
reinforcement ratio can lead to an increase of the height of
the compressive region (resulting in decreased curvature).

The deflection curves of beam A and beam B for a slotted
beam during the tests were almost the same, based on the
readings of the dial indicators fixed on the bottom surfaces
of beam A and beam B. Therefore, it can be inferred that the
curvatures of the section at the middle span of the two beams
are almost identical during the tests, based on the deflection
theory of beam. Hence, the moment curvature curve of the
entire slotted beam can be derived through superimposing
the moment of beam A and beam B at a certain curvature.
The moment curvature curves of the two parts of the slotted
beams are shown in Figure 8, where the moment curvature
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Table 5: Characteristic points on the calculated moment curvature curves of the specimens.

Specimen
identifier

Yielding curvature
𝜙
𝑦
(rad)

Yielding moment
(kN⋅m)

Peak moment
capacity (kN⋅m)

Ultimate curvature
𝜙
𝑢
(rad)

Ductility ratio
𝜇
𝜙

(1)

RB-10 0.012 41.6 48.1 0.158 12.7
RB-12 0.013 45.8 52.6 0.139 11.0
RB-14 0.014 52.0 58.0 0.122 8.9
SB1-14 0.014 51.5 57.3 0.112 8.0
SB2-10 0.013 41.1 47.5 0.136 10.6
SB3-12 0.014 46.3 52.0 0.122 8.8
SB1-12 0.013 46.0 52.9 0.141 11.2
SB2-14 0.014 52.1 58.1 0.123 8.9
SB3-10 0.013 41.3 46.7 0.120 9.0
Note: (1)the curvature ductility of the beam section was calculated by 𝜙

𝑢
/𝜙
𝑦
.
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Figure 7: Moment curvature curves of the solid beams.

curves of the corresponding entire slotted beam are also given
for the purpose of comparison.

For SB1-12, the ductility of the moment curvature curves
of beam A and beam B was almost the same, and the
tensile reinforcement ratio of beam A and beam B of SB2-
14 was 1.1% and 1.3%, respectively, similar to each other.
Similar phenomenon was also found for SB2-14. The similar
reinforcement ratio resulted in the fact that the heights of the
compression region of beam A and beam B at the concrete
crush point were almost equivalent to each other [12]. Hence,
the ultimate curvature of beam A and beam B of SB1-12/SB2-
14 was nearly the same, because the height of the section was
identical for all beams.

For SB2-10, SB3-10, and SB3-12, the ductility of the
moment curvature curves of beam B was obviously greater
than that of the corresponding beam A, due to the fact that
the reinforcement ratio of beam B was much less than that of
the corresponding beam A. For SB1-14, the ductility of beam
B for SB1-14 was smaller than that of beam A, because the
reinforcement ratio of beam B was larger than that of beam

A. In Figures 8(a), 8(b), 8(d), and 8(e), it can be found that
the ductility of the entire slotted beamwas determined by the
beam, of which the ductility was worse than the other part.
Therefore, the ductility of both beamA and beamB should be
considered anddesigned carefully in the application of slotted
beams in practical engineering.

It should be noted that the width ratio 𝑏A/𝑏B of SB1-12 was
2.1, whichwas the largest width ratio in the tests. However, the
ductility of SB1-12 and RB-12 was nearly the same. For SB3-
12, the width ratio of beam A and beam B was 1.1, which was
the smallest width ratio in the tests. However, the ductility of
SB3-12 and RB-12 was obviously different.Therefore, it can be
concluded that the reinforcement ratio rather than the width
ratio of beam A to beam B is the key factor affecting the
ductility behavior of the slotted beams.

The moment curvature curves of the slotted beams
and corresponding solid beams are shown in Figure 9. The
moment curvature curves of SB1-12 and RB-12 were almost
coincident, because the reinforcement ratio of RB-12 and
the two parted beams of SB1-12 were almost the same.
Similar phenomenon was also found for SB2-14 and RB-
14. In Figure 9(a), it can be clearly found that the larger
the difference between 𝜌A and 𝜌B, the worse the ductility
of the slotted beam. Therefore, the two parted beams of
the slotted beam should be designed to pose similar tensile
reinforcement ratio, in order to achieve a similar ductility
capacity of the corresponding solid beam.

3.4. Load Capacity Analysis. The flexural capacities of RC
beams can be determined when the geometry, the reinforce-
ment, and the strength of thematerial are known.Theflexural
capacities of the solid and slotted beams, calculated according
to the concrete code of China [13], are given in Table 6, where
the experimental results are also given. In Table 6, 𝑀exp

cap is
yield capacity of the beams obtained from experiments and
𝑀

cal
cap is theoretically calculated flexural capacity of the beams.

Because the yield strength of the steel rebar is used to calculate
the flexural capacity of the beam in the concrete code, the
yield capacities of the beams obtained from the testswere used
for the comparison with the theoretically calculated values.
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Figure 8: Moment curvature curves of the slotted beams: (a) SB2-10; (b) SB3-10; (c) SB1-12; (d) SB3-12; (e) SB1-14; and (f) SB2-14.



10 Advances in Materials Science and Engineering

0.0 0.1 0.2 0.3
0

20

40

60

80

Curvature (1/m)

SB2-10
SB3-10
RB-10

𝜌 = 1.0%

𝜌A = 1.2%
𝜌B = 0.7%

bA/bB = 1.5

𝜌A = 1.4%
𝜌B = 0.6%

bA/bB = 1.1

M
om

en
t (

kN
·m

)

(a)

0.0 0.1 0.2 0.3
0

20

40

60

80

Curvature (1/m)

M
om

en
t (

kN
·m

)

SB1-12
SB3-12
RB-12

𝜌 = 1.1%

𝜌A = 1.1%

𝜌B = 1.3%

bA/bB = 2.1
𝜌A = 1.4%

𝜌B = 0.9%

bA/bB = 1.1

(b)

0.0 0.1 0.2 0.3
0

20

40

60

80

Curvature (1/m)

M
om

en
t (

kN
·m

)

SB1-14
SB2-14
RB-14

𝜌 = 1.3%

𝜌A = 1.2%

𝜌B = 1.4%

bA/bB = 1.5
𝜌A = 1.1%

𝜌B = 1.8%

bA/bB = 2.1

(c)

Figure 9: Comparison of the moment curvature curves of the slotted beams and corresponding solid beams: (a) SB2-10, SB3-10, and RB-10;
(b) SB1-12, SB3-12, and RB-12; and (c) SB1-14, SB2-14, and RB-14.

Table 6 shows that the calculated flexural capacity 𝑀cal
cap

was close to the value obtained from the tests for both the
solid and slotted beams, indicating that the method used
in the code was effective in predicting the flexural capacity
of these two types of beams. Meanwhile, the calculated
flexural capacities were conservative compared with the test
results. It was found that the sum of the flexural capacities
of beam A and beam B of the slotted beams was equal to
that of the corresponding solid beam. This observation was
coherentwith the phenomena shown in Figure 6,where it was
found that the load-deflection curves of the solid beam and
slotted beam were close to each other before the descending
branch. However, it should be noted that the slotted beam

exhibited decreased ductility capacity compared with the
corresponding solid beam, as discussed in Section 3.2.

4. Structural Design Advices for
the Slotted RC Beams

Based on the above experimental results and analysis, several
design advices can bemade for the slotted RC beams, in order
to obtain favourable mechanical behavior:

(1) The target failure mode of the slotted RC beam
should be typical flexural failure mode, in order to
ensure sufficient ductility. Therefore, sufficient tensile
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Table 6: Yield capacities of the specimens.

Specimen identifier 𝑀
exp
cap (kN⋅m) 𝑀

cal
cap (kN) 𝑀

exp
cap /𝑀

cal
cap

RB-10 44.4 40.8 1.09
RB-12 48.6 45.6 1.07
RB-14 57.9 51.6 1.12

Beam A Beam B Beam A + beam B
SB1-14 58.3 29.4 22.2 51.6 1.13
SB2-10 49.5 29.4 11.4 40.8 1.21
SB3-12 48.5 29.4 16.2 45.6 1.06
SB1-12 51.2 29.4 16.2 45.6 1.12
SB2-14 55.9 29.4 22.2 51.6 1.08
SB3-10 44.6 29.4 11.4 40.8 1.09

reinforcement is needed at the bottom of the beam.
Meanwhile, sufficient stirrup reinforcement for shear
is also needed in order to prevent shear failure.

(2) The ductility of beam A and ductility of beam B of a
slotted beam should be close to each other in order
to insure that these two beams underwent similar
damage process under flexural load and reach the
final failure nearly at the same time. In order to
achieve the above flexural behavior of a slotted beam,
the reinforcement ratios of beam A and beam B
should be close to each other.

(3) In addition, the concrete strength, the span limitation,
and the ratio of beam width to beam height should
meet the current specification requirement for rein-
forced beam in the code.

5. Thermal Insulation Behavior of
the Slotted Beams

Thermal performance is an important parameter to evaluate
the feasibility of the slotted beam as a thermal insulation
structural component. The heat transfer coefficient is a
frequently used index to evaluate the thermal properties of
materials. This index is influenced by the thermal conduc-
tivity and thickness of the materials through which heat is
transferred.Theheat transfer coefficient𝐾of the slotted beam
can be calculated using the following equations based on the
thermal deign code for civil building in China [14]:

𝑅 =
𝛿A
𝜆
𝑐

+
𝛿insul
𝜆insul
+
𝛿B
𝜆
𝑐

,

𝑅
0
= 𝑅in + 𝑅 + 𝑅out,

𝐾 =
1

𝑅
0

,

(1)

where 𝑅 is sum of thermal resistance values of all the
material layers for the slotted beam; 𝛿A, 𝛿insul, and 𝛿B are
thickness of beam A, the thermal insulation layer, and beam
B, respectively; 𝜆

𝑐
and 𝜆insul is thermal conductivity of the

concrete and the thermal insulation layer, respectively; 𝑅
0
is

thermal resistance value of the slotted beam; 𝑅in and 𝑅out

is thermal resistance of the inner and outer surface against
heat convection, respectively, and are set to be 0.11m2 ⋅ K/W
and 0.04m2 ⋅K/W, respectively, based on the thermal design
code for civil building in China [14]; and 𝐾 is heat transfer
coefficient of the beam.The larger the coefficient is, the easier
the heat is transferred through the beam. For the solid beam,
(1) is changed to 𝑅 = 𝛿

𝑐
/𝜆
𝑐
and the calculation process

becomes simpler.
Thermal inertia index, as a dimensionless quantity, repre-

sents the resistance of the material to variations in tempera-
ture. The thermal inertia index 𝐷 of the slotted beam can be
computed using the following equation [14]:

𝐷 =
𝛿A
𝜆
𝑐

𝑆
𝑐
+
𝛿insul
𝜆insul
𝑆insul +
𝛿B
𝜆
𝑐

𝑆
𝑐
, (2)

where 𝑆
𝑐
and 𝑆insul are thermal storage coefficient of the

concrete and the thermal insulation layer.Materials with high
thermal inertia show small changes in temperature under
the effect of outer environmental temperature, showing good
heat insulation effect. From (1), it is easy to find that, for the
slotted beam with a certain sum width of beam A and beam
B, the width ratio of beam A to beam B has no effect on the
thermal resistance value 𝑅 and only 𝛿insul and 𝜆insul of the
thermal insulation layer have effect on𝑅. Similarly, only 𝛿insul,
𝜆insul, and 𝑆insul have effect on the thermal inertia index of the
slotted beam when the sum width of beam A and beam B is
determined.

Rigid extruded polystyrene foam board, also called XPS,
can provide excellent insulation against both cold and heat
and has the following advantages: high corrosion resistance,
moisture proof, light weight, and antiaging capacity. Hence,
XPS has been widely used as thermal insulation material in
practical engineering. In this paper, XPS was used to fill the
gap in the slotted beams. In addition to XPS, it should be
noted that other insulation materials can also be used as the
thermal insulation layer in the slotted beam. The values of
𝜆 and 𝑆 for reinforced concrete and XPS recommended in
the Chinese code [14, 15] are given in Table 7. The thermal
calculation result of the beams is given in Table 8. It can be
seen that the heat transfer coefficient of the slotted beam
decreases by 77.4% compared with the solid RC beam. The
thermal inertia factor of the slotted beam is 2.83, higher than
that of the solid beam, 2.47. These data indicate that the
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Table 7: Thermophysical parameters of the materials.

Material type Thermal conductivity 𝜆 (W/(m⋅K)) Thermal storage coefficient 𝑆 (W/(m⋅K))
Reinforced concrete 1.74 17.2
XPS 0.03 0.36

Table 8: Thermal calculation results of the beams.

Beam type Thermal resistance 𝑅 (m2⋅K/W) Heat transfer coefficient 𝐾 (W/(m2⋅K)) Thermal inertia factor𝐷
Solid beam 0.29 3.45 2.47
Slotted beam 1.29 0.78 2.83
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Figure 10: Geometry of the unit frame built in COMSOL Multiphysics: (a) normal frame and (b) frame using the slotted beam-wall system
(units: mm).

thermal bridge of the slotted beam is effectivelymitigated and
the thermal performance of the slotted beam becomes much
better than that of the conventional solid RC beam.

6. Thermal Insulation Behavior of the Slotted
Beam-Wall System

6.1. FEM Model Building. A FEM software, COMSOL Mul-
tiphysics [16], which has passed the model tests required by
the European standard EN 10211: 2007 for thermal bridges
in building constructions [17] and was found to be suitable
for simulating the heat transport through buildings [18], was
used to simulate the thermal insulation behavior of the frame
structure using the slotted beam-wall system. The thermal
insulation behavior of this new type of structure in winter
was considered in the FEM model and a normal frame
structure FEMmodel was also built for comparison purpose.
The temperatures inside and outside the room are set to
18∘C and 0∘C, respectively, according to the design standard
for energy efficiency of residential buildings in hot summer
and cold winter zone in China [19]. These temperatures are
typical for the buildings using heating in the south area of

China in winter. The plan and elevation layout are always
regular for residential frame buildings; therefore only one
unit of the frame was modeled in COMSOL due to the
symmetrical structure of the frame structure, for the purpose
of conciseness.The dimension information of the frame FEM
model is shown in Figure 10, where the beam span, the floor
height, and the size of columns and beams are typical for
10-story height residential frame buildings in China. The
exterior vacuum insulation windows, beam perpendicular
to the exterior wall, and the floor slabs were not modeled,
in order to make the comparison of the thermal properties
between the normal frame and frame using the slotted beam-
wall system more specific. The boundary condition of the
four sides of the model was thermal insulation, due to the
symmetry of the model. 3D steady state thermal bridge
was considered in COMSOL analysis, meaning the field
variables are independent of time. More detailed modeling
and analysis process can be referred to in COMSOL user
manual. Thermophysical parameters of the materials used in
the FEM model are given in Table 9 and it is assumed that
these thermal properties are independent of the temperature
during the FEM analysis.
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Table 9: Thermophysical parameters of the materials.

Material type Density (kg/m3) Thermal conductivity
(W/(m⋅K))

Thermal storage
coefficient (W/(m2⋅K))

Heat capacity
(J/(kg⋅K))

Reinforced concrete 2500 1.74 17.20 920
XPS 30 0.03 0.36 1380
Aerated concrete wall 500 0.19 2.81 1050

Table 10: Comparison of the FEM simulation results.

Structure type Heat transfer area
(m2)

Total heat flux
(W)

Heat flux on walls
(W)

Heat flux on
columns (W)

Heat flux on
beams (W)

Normal RC frame 19.8 460.3 224.1 102.2 134.0
RC frame using slotted beams 19.8 287.1 201.7 49.4 36.1
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Figure 11: Surface temperature distribution of the FEM models (units: ∘C): (a) normal frame and (b) frame using the slotted beam-wall
system.

6.2. Simulation Result and Discussion. The temperature dis-
tribution on the surfaces of the FEM models is shown in
Figure 11. It is obvious that the beams and columns constitute
the thermal bridges for the normal frame in Figure 11(a).
However, the thermal bridges have been controlled after
the slotted beam-wall system have been utilized, as shown
in Figure 11(b), where the location of beam-column joint
becomes the thermal bridge. In fact, this thermal bridge can
be reduced in practical engineering because it is easy to carry
out heat insulation treatment on this small area.

The results of the calculated heat flux are given in Table 10.
The heat flux in the normal frame and frame using the slotted
beam-wall system was 460.3W and 287.1W, respectively. The
heat flux through the beams and columns in the normal frame
structure was 236.2W (51.3% of the total heat flux of the
normal structure), indicating that the thermal bridge effect
was obvious in the normal frame structure. However, the heat
flux through the beams and columns in the frame using the
slotted beam-wall system was 85.5W (29.8% of the total heat
flux of this new type structure).The thermal bridge effect has
been controlled in the new frame structure through using
the slotted beam-wall system. In addition, though the area of
the walls of this new type structure was larger than that of

the normal frame, the heat flux on the walls of this new type
structure was 22.4 W less than that of the normal frame.

7. Conclusions
In this study, a novel slotted beam-wall system was proposed
for thermal insulation of RC frame buildings. Four-point
bending test was carried out to investigate the flexural
behavior of the slotted beams. The flexural behavior of the
slotted beams was investigated in detail, including failure
mode, load-deflection curves, and moment curvature anal-
ysis. Thermal insulation behavior of the slotted beam was
analyzed through theoretical calculation. Finally, the thermal
behavior of the frame using the slotted beam-wall systemwas
simulated through FEM method. The following conclusions
can be drawn:

(1) Though the final failure mode of the slotted beams
was flexural failure mode, the failure process of the
slotted beams was different from that of the solid
beams at the final loading stage.

(2) Before the final failure stage, the load-deflection curve
of the slotted beamwas close to that of its correspond-
ing solid beam.The tensile reinforcement ratio rather
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than the width ratio of the two parted beams had an
important effect on the flexural behavior of the slotted
beams. The tensile reinforcement ratios of the two
parted beams of a slotted beam should be close to each
other, in order to obtain similar ductility behavior of
their corresponding solid beam.

(3) The slotted beams exhibited attractive thermal insu-
lation properties. The heat transfer coefficient of the
slotted beam was greatly reduced and the thermal
inertia factor increased, compared with the corre-
sponding solid beams. Hence, the slotted beam has
a great potential for the practical thermal insulation
application of RC frame buildings.

(4) The FEM simulation results showed that the frame
structure using the slotted beam-wall system exhib-
ited obvious and attractive thermal insulation prop-
erty, compared with the normal frame structure. It is
believed that this new type of structure can become
an effective measure to solve the thermal insulation
problem.
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Thermal insulation is one of the most used approaches to reduce energy consumption in buildings. Vacuum insulation panels
(VIPs) are new thermal insulation materials that have been used in the domestic and overseas market in the last 20 years. Due to
the vacuum thermal insulation technology of these new materials, their thermal conductivity can be as low as 0.004W/(m⋅K) at
the center of panels. In addition, VIPs that are composites with inorganic core and an envelope out of commonly three metallized
PET layers and a PE sealing layer can provide B class fire resistance (their core materials are not flammable and are classified as A1).
Compared with other conventional thermal insulation materials, the thermal insulation and fire resistance performances form the
foundation of VIP’s applications in the construction industry. The structure and thermal insulation mechanism of VIP and their
application potential and problems in Chinese buildings are described in detail.

1. Introduction

Currently, building energy consumption in China has
remained extremely high, reaching 33% of the total social
energy consumption. In particular, the energy consumption
through enclosure structures accounts for over 50% of the
building energy consumption. To reduce building energy
consumption, thermal insulation materials have received
widespread applications. Due to their low thermal conduc-
tivity, organic thermal insulation materials have enjoyed
particularly wide adoption. However, in recent years, fre-
quent fire accidents have occurred due to these organic
thermal insulation materials, for example, the Beijing Tele-
vision Cultural Center fire [1] and the 2010 Shanghai fire
[2]. Therefore, a thermal insulation material that combines
High-Performance Thermal Insulation with fire resistance is
urgently needed in the current Chinese building market.

VIPs (vacuum insulation panels) are inorganic composite
thermal insulation panels with a thermal conductivity as
low as 0.004W/(m⋅K) at the center of panels [3]. The fire

behavior of core materials is dependent on the types of fibers
used for structural binding in the fumed silica core. Fumed
silica core VIPs are class A, but the polymer barrier material
is combustible [4]. However, additional layers added can
reduce the behavior in the fire tests and one can imagine
that it enables structural panels to reach one-hour fire rating.
Thus, these materials can meet both requirements of high-
efficiency thermal insulation and fire resistance performance.
Silica core VIPs primarily consist of thermal insulation with
a porous rigid core andmembrane wall, as shown in Figure 1.
However, glass fiber VIPs are commonly added with getters.
The rigid core provides support for VIP against atmospheric
pressure; the membrane wall maintains the vacuum inside
VIP, and the getters collect gases either leaked through the
membrane or off gassed from the membrane materials [5].

In the 1980s, Brown, Boverie & Cie (BBC) in Heidelberg,
Germany, investigated rectangular evacuated casings filled
with powders and fiber mats to insulate sodium-sulfur high-
temperature batteries [6]. Applications for VIP emerged in
refrigerators, freezers, shipping, and aerospace and other

Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2016, Article ID 1358072, 12 pages
http://dx.doi.org/10.1155/2016/1358072

http://dx.doi.org/10.1155/2016/1358072


2 Advances in Materials Science and Engineering

Barrier film

Textile bag

Core

Figure 1: VIP [13].

industries. VIPs were first applied in the building sector in
Germany and Switzerland in 2001 [7]. To date, the application
of VIP in the building industry has lasted approximately 15
years. The preparation of materials, production of panels,
characterization of performance, and application in buildings
of VIP have been investigated by different countries around
the world. For example, in Germany there have been a
lot of test projects with constructions implementing VIPs,
both refurbished and new constructions. Some were built
as early as 2001 and have been monitored on a regular
basis since then. Bayerisches Zentrum für Angewandte
Energieforschung (ZAE Bayern) in collaboration with var-
ious VIP producers have many interesting projects which
show how the implementation of VIPs into buildings has
proceeded. ZAE Bayern conducted a research project called
VIP Prove, where the aim was to see how VIPs behaved
under practical conditions. To choose these projects, ZAE
Bayern had certain criteria which the buildings had to fulfil,
giving them a score of up to 85 points, where the higher
the score was, the more suitable the construction was for
monitoring [6, 8]. Mandilaras et al. investigated the actual
in situ hygrothermal performance of a full scale envelope
insulated initially with conventional ETICS using expanded
polystyrene (EPS) as an insulation material [9]. Johansson
et al. explored how VIP can be used when retrofitting
listed buildings to improve the thermal transmittance and
moisture performance of the walls and the thermal comfort
for the occupants [10]. Examples of a number of different
constructionswhereVIP has been used in retrofitted building
envelopes have been reported in the literature. During 2002–
2005, the international efforts inVIP researchwere assembled
in the IEA/ECBCS Annex 39 High-Performance Thermal
Insulation (HiPTI). The project included monitoring and
evaluation of 20 buildings with VIP in floors, roofs, walls,
dormer windows, and other constructions [11]. In China, the
government had also published the “Building Industry Stan-
dard of China” for “vacuum insulation panels for buildings”
(JG/T 438-2014) on June 30, 2014 [12].

2. Structure of VIP

2.1. Core. The materials of the VIP core should possess
certain characteristics. First, the materials should be porous,
and the pore sizes should be small such that the contact

points can be small; as a result, the thermal conduction will
be reduced. Figure 2 shows the cylindrical glass fibers, and
Figure 3 shows the spherical gas-phase silica. Second, the
materials should not fracture under high external loading.
Because a pressure of 1mbar must be maintained inside
the core, the prestress of the VIP should be approximately
100 kN/m2.

Currently, the primary types of VIP cores include foams,
fibers, powders, and fiber-powder composites.

Foam polymers are a type of porous foam that are
lightweight, thermal insulating, sound absorbing, shock-
proof, and corrosion resistant [14]. Polyurethane foam has
received widespread application as VIP core material. It
exhibits low thermal conductivity (thermal conductivity 20–
30mW/m⋅K under nonvacuum) and is lightweight, easily
produced, and inexpensive [15].

Fiber is a high-performance inorganic material that
exhibits multiple qualities, for example, noncombustibility,
nontoxicity, corrosion resistance, low density, low thermal
conductivity, high insulation performance, and excellent
chemical stability. Fiber is produced by two main processes:
centrifugal spinning and jet firing. Panels made from fibers
can be used as thermal insulation materials with thermal
conductivity of 32–40mW/m⋅K [16]. As the material of a
VIP core, the primary parameters of the fibers are type and
diameter. VIP cores currently use mineral fibers and glass
fibers, as shown in Figure 2. However, there are some safety
and health concerns on glass fibers if they are less than 3
micrometers in diameter and greater than 20 micrometers in
length [17].

The powders used in VIP cores are all inorganic, non-
metallic materials, including expanded perlite, lightweight
pumice, and silica. Expanded perlite is an insulation material
with low thermal conductivity. At atmospheric pressure and
a temperature of 77–293K, its mean thermal conductivity
is 18.5–29mW/m⋅K [18]. As a VIP core material, expanded
perlite exhibits advantages such as low cost. However, as a
powder itself, it is extremely difficult to process and form
shapes. In addition, the core is brittle and easily fractures
even after forming shapes. As a VIP core material, silica
includes fumed silica (also known as pyrogenic silica),
precipitated silica, and silica aerogel. The first is prepared
by the combustion method, whereas the latter two types
are prepared by solution-phase synthesis. They all exhibit
nanopore structures and therefore can reduce the thermal
conductivity of gases. Figure 3 shows the fumed silica [13].
In Europe, fumed silica core VIPs have been professionalized
and they have been better adapted to the needs of building
applications because their aging and durability statements
had been done [4].

To reduce the cost of VIP cores, a low-cost composite core
material was investigated in 2009 by the National Research
Council Institute for Research in Construction (NRC-IRC)
[19]. This core material consisted of multilayer structures of
pumice and glass fiber panels (Figure 4). Two products with
densities of 340 kg/m3 and 320 kg/m3 for the core materials
were manufactured.

Fiber-powder composites are a type of core material.
Because this core material contains fiber layers, certain
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(a) (b)

Figure 2: Scanning electron image (a) [13] and real image (b) (taken by authors) of glass fibers. Left image is a SEM picture of glass fiber
insulation.The shape of the glass fibers is cylindrical which lead to small areas of contacts and thus small conductive heat transfer even if the
material is compressed [13].

(a) (b)

Figure 3: Scanning electron image (a) [13] and real image (b) of silica powders (taken by authors).
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Figure 4: Structure of the composite core investigated by NRC-IRC
[19].

undesired situations, such as the restoration of the core to
its original shape, can result, most commonly due to gas
leakage through the membrane. If VIP made from these core
materials is applied to the walls of buildings, the leakage
through the membranes can lead to the surface being peeled
off from thewalls.Therefore, the application of these products
requires further investigations.

In summary, the stringent requirement for high vacuum,
the negative environmental impact, and the flammability of
the foam-type cores restrict their application in the thermal
insulation of building walls. Although fibers possess low

thermal conductivity, this VIP core material requires high
vacuum. Additionally, when the vacuum disappears, the
fibers will cause undesired effects, such as bulging walls.
Although the conductivities of powders are higher than
those of other types of core materials, powders receive more
attention due to their related long expected durability. The
advantages and disadvantages of different core materials are
shown in Table 1.

2.2. Membrane. The primary function of membranes is to
prevent air in the external environment from entering the
core and thus to maintain a high vacuum inside. Once gases
enter the inner core, the inner pressure increases, which raises
the thermal conductivity of the inner core.When the thermal
conductivity reaches certain values, if the transient working
life is used, the material reaches the end of its working life.
The thickness of the VIPmembrane is normally 100–200 𝜇m.
VIP membranes are often divided into the sealing layer, the
barrier layer, and a protective layer as seen in Figure 5 [20].
These layers are described by Alam et al. [21] and Brunner et
al. [22]. The inner layer is the sealing layer. This layer seals
the core material in the envelope and traditionally consists of
low- or high-density polyethylene (PE).The laminate surfaces
are heat-sealed by two hot bars under pressure to bond
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Table 1: Characteristics of different core materials.

Type Representative material Advantages Disadvantages

Fiber Glass fiber

Low thermal conductivity, easy
processing of ultrathin fibers, stable size,
allowable contraction and expansion,
being nonhygroscopic, and recoverability
after contact with water

Caution during packaging, requirement
of high vacuum

Foam Foam polymer Low thermal conductivity, lightweight,
waterproofing

Requirement of instruction from
technical staff, large contraction and
expansion, service temperature below
350K (77∘C), flammable

Powder Gas-phase silica, expanded perlite
Low thermal conductivity, low density,
low cost, fire retardant, nontoxicity, easy
to achieve vacuum

Nonelasticity under pressure, difficulty to
mold
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Figure 5: Illustration of an aluminum foil laminate (AF) and metallized polymer film MF [20].

together. The middle layer is the barrier layer in the case
of the aluminum foil laminate (AF) type (Figure 5) [20].
Furthermore, metallized polymer film multilayer laminates
(MF) are in common usage, where the metallized coating
is typically deposited on a polyethylene terephthalate (PET)
film (Figure 5) [20]. The purpose of the barrier layer is
to prevent water vapor and air transmission through the
envelope and into the VIP core. An outer protective layer
may be added, for example, for improving the fire resistance
properties, andmay consist of glass fiber fabric or transparent
lacquer. Environmental and handling stresses may damage
the panel, so sometimes an additional protective layer aims to
make the panel more robust, for example, applying expanded
polystyrene (EPS), extruded polystyrene (XPS), or rubber
granule layers or hard polymeric plates. The material chosen
for the envelope should also be able to withstand general
handling through transportation and installation without
tearing. The common PET layer also works as a substrate
for the barrier layer due to its superior flatness for the
metallization process (coating) [20].

Themembrane is the most important parameter in main-
taining a long working life for the VIP.The evaluation of VIP
membrane materials includes the penetration rates of gases,
including those of oxygen and water vapors. The structure
of the membrane material greatly affects the transmission of
gases; different structures give rise to different transmission
speeds. Multilayered foil coated membranes exhibit low
thermal conductivity, but the penetration speed of gases is
relatively high; by contrast, the penetration speed of gases
is relatively low for foil layers, but the thermal conductivity

is high. In summary, the application of VIP membranes
requires the evaluation of synergistic effects of the foil layer
and polymer layer.

The penetration rate of the air barrier should be small;
thus, the pyrogenic silica core VIP can last 30 to 50 years
and even up to 100 years in top quality building envelopes.
The International Energy Agency (IEA) has noted in its
2005 report that the penetration rate of oxygen should be
controlled within the range of 0–2 cm3/(m2⋅day⋅bar) [7]. The
valve depends on the size of the VIP and can only be used as
an empirical value. If the inner core loses vacuum, the inner
pressure will equalize with the outside atmospheric pressure,
and the thermal conductivity will increase to 0.020W/(m⋅K)
for pyrogenic silica type of VIP cores.

2.3. Getter. A getter is a material that exhibits specific activity
towards certain gases under certain conditions. To obtain
a vacuum for the inner part of the VIP, the inner core is
encapsulated bymembranematerials. In a glass fiber coreVIP
with high vacuum requirement, getters are required to collect
and remove gases because fiber core pore size is bigger than
that of the fumed silica core type. The gases that penetrate to
the core of the VIP primarily include N

2
, O, H

2
, CO
2
, and

H
2
O. Water vapor can be removed by low-cost CaSO

4
and

CaO; gases such as O
2
, H
2
, CO
2
, and N

2
can be removed

by active metals, such as barium, zirconium, and the alloys
of these metals. Notably, these precious metals can complex
or react with water, which decreases their capacity for gas
absorption. Therefore, the getter apparatus is designed to
remove water vapor first and then other gases.
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Figure 6: Comparison of the three heat transfer mechanisms in
conventional thermal insulation materials [7].

3. Thermal Insulation Mechanism of VIP

In conventional thermal insulation materials, the contribu-
tions of the three heat transfer mechanisms to the thermal
conductivity vary. As shown in Figure 6, solid heat transfer
increases linearly with an increase in the bulk density. In
contrast, radiation transfer decreases with an increase in the
bulk density; for example, when the density is approximately
200 kg/m3, the increase in the thermal conductivity due to
radiation transfer is approximately 1–3mW/m⋅K. Finally, gas
heat transfer is responsible for the majority of the total heat
transfer, with values between 20 and 30mW/m⋅K.Therefore,
if the gas heat transfer is decreased, the thermal conductivity
of the materials will decrease dramatically. This relationship
explains why special vacuum processing is used in VIP.

The total thermal conductivity of the VIP inner core can
be described as

𝜆C = 𝜆S + 𝜆R + 𝜆G + 𝜆C] + 𝜆coup, (1)

where 𝜆S is the solid heat transfer (W/(m⋅K)), 𝜆R is the
radiation heat transfer (W/(m⋅K)), 𝜆G is the gas heat transfer
(W/(m⋅K)), 𝜆C] is the gas convection inside the openings
(W/(m⋅K)), and 𝜆coup is the heat transfer from the coupled
effect (W/(m⋅K)).

3.1. SolidHeat Transfer. Solid heat transfer in the coremateri-
als occurs on the necks through the physical contact between
particles. The magnitude of this transfer is determined by
the structure, density, and external pressure of the materials.
The following equation expresses the relationship between
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Figure 7: Relationship between the porosity and thermal conduc-
tivity of solids for VIP core materials.

the thermal conductivity of solids and the density ofmaterials
[23]:

𝜆S = 𝜌
𝛼
, (2)

where 𝜌 is the density (kg/m3) and index 𝛼 is a constant for
foam materials and 1.5–2 nm class materials.

It can be seen from (2) that the smaller the density, the
smaller the thermal conductivity of the solids.

Gas-phase silica will be used as an example of a VIP
core material; the powder is assumed to consist of spherical
particles. The decrease in 𝜆S can be explained in two ways.
First, for the close-packed spherical particles, the orientation
of contact between two spherical particles is different from
the normal direction of the boundary spherical particles,
which results in the tortuosity of heat transfer and the
increase in the number of heat transfer pathways. Second,
each contact between the spherical particles is a point contact,
which increases the thermal resistance [14]. Brodt [24] and
Kwon et al. [14] reported that the porosity of core materials
also has a large effect on the thermal conductivity of solids,
as shown in Figure 7.The figure shows that maintaining high
porosity (i.e., low density) can further decrease the thermal
conductivity of solids for the core materials.

3.2. Gas Heat Transfer. The gas heat transfer is referred to as
the sum of gas conduction transfer and convection transfer.
Its magnitude is determined by the mean free path of gas and
the ratio of the path to the material pore size. Kaganer [25]
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Figure 8: Relationship between the gas thermal conductivity and
the atmospheric pressure and pore diameter [14].

proposed the following equation to calculate the gas thermal
conductivity 𝜆G:

𝜆G =
𝜆

0

(1 + 2𝛽Kn)
, (3)

where 𝜆
0
denotes the thermal conductivity of air under

atmospheric pressure [W/(m⋅K)],𝛽 is an index that combines
the activity coefficient and the inert coefficient of gases, and
Kn denotes the Knudsen coefficient, where its value is the
ratio of the mean free path of the gas to the diameter of the
pores and can be represented by

Kn = 1
Φ

=

(𝑘B𝑇)

(
√
2𝜙𝑑

2
𝑝Φ)

, (4)

where 𝑘B is the Boltzmann constant (1.38 × 10−23 JK−1), 𝑇
is the thermodynamic temperature (K), 𝑑 is the diameter of
molecules (m), and 𝑃 is the gas pressure (Pa).

Kwon et al. [14] proposed the following equation to
calculate the gas thermal conductivity of air at 25∘C (𝛽 =
0.0016/𝑃):

𝜆G =
𝜆

0

(1 + (0.0032/𝑃Φ))

, (5)

where 𝑃 denotes the gas pressure (Pa) and Φ is the pore size
of the porous thermal insulation material (m).

From (5), the relationship between the gas thermal con-
ductivity of different porosity and pressure can be calculated,
as shown in Figure 8. It can be seen from Figure 8 that, for
the materials whose pore size is in the nanometer range, their
thermal conductivity under atmospheric pressure can be
neglected.However, it cannot be ignored under large pressure
such as 105 Pa. Additionally, as the pore size increases,
smaller pressure is required tomaintain the small gas thermal
conductivity.
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Figure 9: Relationship between the radiation thermal conductivity
and temperature for gas-phase silica.

3.3. Radiation Heat Transfer. The following heat equation
expresses radiation heat transfer in VIP [26]:

𝑞R = −
16𝑛

2
𝑘B𝑇
3

3𝐾

𝑑𝑇

𝑑𝑥

= −

16𝑛

2
𝑘B𝑇
3

3𝑒 (𝑇) 𝜌

𝑑𝑇

𝑑𝑥

, (6)

where𝐾 denotes the extinction coefficient ofmaterials (m−1),
𝐾 = 𝑒(𝑇) ⋅ 𝜌, 𝑒(𝑇) denotes the specific extinction coefficient
(m2/kg), 𝜌 denotes the material density (kg/m3), and 𝑛
denotes the refractive index.

From the relationship between the heat flux and tempera-
ture gradient in (6), the thermal conductivity due to radiation
heat transfer can be obtained [26]:

𝜆R =
16𝑛

2
𝑘B𝑇
3

3𝐾

=

16𝑛

2
𝑘B𝑇
3

3𝑒 (𝑇) 𝜌

. (7)

Using gas-phase silica, Brodt [24] summarized the rela-
tionship between the radiation thermal conductivity and
temperature, as shown in Figure 9. It can be seen from
Figure 9 that when the temperature is below 150K, the
radiation thermal conductivity is extremely small and can be
neglected.

The addition of opacifiers to the core material can
weaken the radiation heat transfer. Fricke noted that, at room
temperature, the total thermal conductivity of pure silicon is
0.002–0.003W/(m⋅K) higher than that of silicon with added
opacifiers [7].

3.4. Convection. Once gases flow, heat will be transferred
through convection. Convection is the transfer of heat from
one place to another by themovement of gases or liquids.The
most common convection medium in buildings is moist air.
The penetration of moist air to enclosure structures is often



Advances in Materials Science and Engineering 7

Table 2: Comparison of the thermal performance of VIP and other thermal insulation materials [4].

Materials Thermal conductivity
mW/(m⋅K) Cuttable?

Fire resistance,
waterproofing, and

corrosion
resistance

Prevention of
physical injuries

Performance
after penetration

Cost of unit
heat

resistance

Environmental
impact

VIP 4–8 No Low Low Weakened High Medium
Conventional thermal insulation materials

Stone wool 34–50 Yes High High No change Low Low
Glass fiber 30–40 Yes High High No change Low Medium
Foam concrete 70–80 Yes High High No change Low Medium
EPS 30–40 Yes Low Medium No change Low High
XPS 30–32 Yes Medium Medium No change High High
Polyurethane 20–30 Yes Medium High No change High High

State-of-the-art insulation materials
Gas panel 10–40 No Low Low Weakened High Medium
Aerogel 13-14 Yes Medium Low No change High Medium

Inorganic insulation materials

Rockwool Glass wool Expanded perlite Calcium silicate Aerated concrete

These materials are non-combustible and exhibit excellent fire resistance. However, their thermal conductivities are relatively high

Organic thermal insulation materials

EPS XPS PU Phenolic foam

The thermal conductivities of these materials are low. However, the materials are flammable and exhibit poor
fire resistance

Figure 10: Classification of commonly used thermal insulation materials for buildings and their advantages and disadvantages.

accompanied by heat transfer. In addition, the heat transfer
between the materials themselves and the surrounding air is
normally conducted through convection.

Therefore, weakening of the gas thermal conductivity is
the most effective way to reduce the total thermal conductiv-
ity. In VIP structure, by using membrane materials, the gas
can be excluded from the main inner vacuum.This approach
eliminates gas thermal conductivity.

4. Application Potential of VIP in
Chinese Buildings

Currently, two types of thermal insulation materials are used
to building walls, that is, inorganic and organic thermal

insulation materials. Inorganic insulation materials include
Rockwool, glass fiber, calcium silicate, and foam concrete,
and organic insulation materials include expanded poly-
styrene (EPS), extruded polystyrene (XPS), and polyurethane
(PU) foams. The thermal conductivity of inorganic thermal
insulation materials is normally larger than that of organic
thermal insulation materials, resulting in poorer insulation
performance. However, the fire resistance performance of
organic insulation materials is poor. Figure 10 and Table 2
list the thermal insulation materials on the market and their
advantages and disadvantages. Therefore, compared with
these materials, what is distinctive about VIP? The thermal
performance, durability, physical properties, economy, and
environmental impact of the materials are compared in
Table 2.
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It can be seen from Table 2 that the thermal conductivity
of VIP is much lower than that of other conventional
insulation materials. According to the Chinese “design stan-
dard for energy efficiency of residential buildings in hot
summer and cold winter zone,” when the shape factor is>0.4,
the total 𝑈-value of external walls is smaller than 0.8W/
(m2⋅K) [27].

A Shanxi Datong residential building with a construction
area of 100m2 and a length and width of 10m will be
used as an example. In EnergyPlus, if the indoor electrical
equipment and layout, people density, and timetable are
same, a change in the wall insulation material from XPS to
VIP of the same thickness will reduce the annual electricity
consumption by 20.3%, or the indoor net residential area
can be increased by 2% while maintaining the same annual
electricity consumption. Therefore, there is a huge potential
for VIP application in high-performance buildings.

5. Problems in the Application of VIP in
Chinese Buildings

The introduction, development, and application of VIP prod-
ucts have only been performed for approximately twenty
years, and VIP research in China just began a few years ago.
There aremany theoretical investigations into the production
performance, heat transfer, and aging of VIP. However,
investigating VIP application in buildings is rare, and there
are extremely few examples of the application of VIP to
buildings worldwide. Although there is a huge potential for
VIP application in Chinese buildings, many problems exist.

5.1. Failure by Puncturing. The VIP production process is
complex, involving vacuumpumping andheat sealing.There-
fore, once the products are molded, they cannot be cut.
However, in the application process to real walls, it is difficult
to manufacture a single-sized VIP for special positions,
such as corners and surroundings of windows. Therefore,
in the design stage, different VIP sizes are required. Com-
pared with other cuttable materials, this aspect represents a
major restriction on VIP applications. Additionally, during
transportation, storage at a construction site, construction,
and even delivery to use, the outer membranes of VIP
can be easily punctured and thus cause the loss of the
vacuum, which greatly increases the thermal conductivity
of VIP. Binz et al. [11] reported in 2005 that, given that the
surface of VIP can be easily punctured and lose its vacuum,
the thermal conductivity of a punctured VIP is 5 times
that of an intact VIP. However, most VIP constructions
currently are mounted on the building sites. The storage at
construction sites is random and chaotic; therefore, there
exist many unpredictable factors that can easily puncture the
VIP, leading to the loss of its function. Figure 11 shows the
storage of VIP at a construction site, and Figure 12 shows the
comparison of VIP before and after puncture.

5.2. Heat Bridge. When VIP performance is discussed,
normally, only the thermal conductivity at the center of
the panels has been taken into account. However, in real
applications, it is more appropriate to consider the effective

Figure 11: VIP at construction site.

thermal conductivity by taking into account the heat bridge
effects surrounding the VIP. In real applications, a heat bridge
can be observed with three layers, that is, (1) VIP layer,
(2) building component layer, and (3) building façade layer
[28]. The heat bridge of a VIP layer is induced by the huge
difference in thermal conductivity between the vacuumed
core material and outer membrane, as shown in Figure 13.

The linear thermal conductivity of the VIP boundary is
related to the thickness, circumference, and surface area of
the panels.The effective thermal conductivity of a VIP can be
calculated with the following equation [29]:

𝜆eff = 𝜆cop + ΨVIP edge ⋅ 𝑑𝑝 ⋅
𝑙

𝑝

𝑆

𝑝

, (8)

where 𝜆cop denotes the thermal conductivity of the VIP
panel center (W/(m⋅K)), ΨVIP edge denotes the linear thermal
conductivity (W/(m⋅K)), 𝜆eff denotes the effective thermal
conductivity, 𝑑

𝑝
denotes the thickness of the VIP (m), 𝑙

𝑝

denotes the circumference of boundaries, and 𝑆
𝑝
denotes the

surface area.
It can be seen from Figure 14 that because the VIP sizes

cannot be large, many VIPs must be combined for the façade
of the entire building, resulting in a large number of joints.
The heat bridge effects at the joints on the entire walls cannot
be ignored.

5.3. VIP Cannot Be Anchored and Perforated. Currently, the
thermal insulation of the outer walls by VIP requires bonding
or a combination of bonding and anchorage. For high-rise
buildings, due to the large area, the combination of bonding
and anchorage is commonly used, as shown in Figures 15 and
16. Insulation nails are used to secure the joining areas of four
adjacent VIPs.

Because a VIP cannot be perforated, the anchorage
position cannot be as flexible as the conventional insulation
materials. Because the anchorage is implemented at the
boundaries, it will result in larger gaps between adjacent VIPs
and thus create more heat losses.

In addition, there are many openings on the wall, for
example, air louvers, entrance holes for electrical lines and
water pipelines, and drainage holes.These positionswill cause
much difficulty in the application of VIP. Therefore, some
parts of the building envelopes still need to be donewith other
cuttable insulation materials.
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(a) Before loss of vacuum (b) After loss of vacuum

Figure 12: Comparison of VIP before and after puncture and loss of vacuum in China.

Heat flux

Warm side

Cold side

VIP VIP

VIP joining gaps

Figure 13: Heat bridge effect surrounding the VIP.

Figure 14: VIP at the façade of building.

Base wall

Adhesives Insulation nails

VIP VIP VIP

Figure 15: Anchorage of VIP.

When VIPs are used as insulation materials inside walls,
the problems associated with nonanchorage and nonper-
foration become more pronounced. Once construction is

Figure 16: Actual images of VIP anchored by insulation nails.

complete, no nails can be applied to the surface of the entire
wall for a suspended wall cupboard, household appliances,
and hooks; these basic setups cannot be avoided in Chinese
homes. Particularly, after a long period of time or a change of
ownership, these problems will become more obvious for the
second interior decoration.

Boafo et al. proposed an improved solution which might
be possible to address these problems. Figure 17 described
a sectional view of an insulated wall system showing the
material layers [30].

VA-Q-TEC [31] proposed a solution, as shown in
Figure 18. During VIP production, circular, semicircular,
or unusually shaped holes are reserved. In those special
locations on the wall, these VIP products with optimized
shapes for special needs can be used to complement the
aforementioned regular VIP.

However, due to the exceptionally low thermal con-
ductivity, only extremely thin VIP will be able to meet
requirements in real applications. Therefore, their thermal
insulation capability is lost in those anchorage holes, resulting
in severe heat bridges. As such, the usage of these VIPs with
holes or opening requires compromise. These VIPs can only
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(X) Surface decorations

(a) (b)

(IX) Surface mortar plaster
(VIII) Fiberglass mesh
(VII) Plastic mortar
(VI) Plastic spacer

(V) Hole of support
(IV) Vacuum insulation panel
(III) Bonding mortar (with gutters)
(II) Interface adhesive powder
(I) Existing wall

(X)

(IX)

(VIII)

(VII)

(VI)
(V)

(IV)

(III)

(II)

(I)

Figure 17: Assembly of vacuum insulation system: (a) cross section and (b) pictorial view of insulated wall [30].

Figure 18: VIP with holes or opening.

be used in the places that require them, such as air louvers
and line and wire holes.

6. Conclusions

The selection of VIP core materials, membranes, and their
construction is based on certain thermal insulation mech-
anism. Inner core materials with porosity, excellent frame
geometrics, and lightweight, such as glass fiber and silica, can

effectively reduce solid heat transfer. High porosity ensures
that the inner part can be vacuumed, whereas the membrane
will ensure themaintenance of the high vacuum inside, which
essentially prevents gas convection from occurring inside the
material.Themetal foils andmultilayeredmetallized polymer
membranes can maximally reduce the gas penetration to the
inside and the loss of vacuum; therefore, the reduction of gas
thermal conductivity is further enhanced. The getters inside
the VIP can collect and remove gases either leaked through
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the membrane or off gassed from the membrane materials
over time. The low thermal conductivity of VIP is attributed
to the reduction of thermal conductivity and radiation.

In real buildings, due to the low thermal conductivity,
extremely thin VIP will be able to meet the standard require-
ments.This capacity will drastically reduce the wall thickness
and increase the indoor usage area. If the same thickness of
VIP and conventional insulationmaterials are used, the usage
of VIP will drastically reduce energy consumption from air
conditioning in buildings.

However, at present, several problems exist in the appli-
cation of VIP in Chinese buildings.

(1) Failure: themembrane of aVIP can be easily damaged
by puncturing, ripping, or squeezing, resulting in
vacuum leakage and a drastic decrease in the thermal
insulation performance.

(2) Heat bridge: because the VIP membrane contains
a foil layer, such as aluminum foil, heat is easily
transferred at the boundaries of theVIP panels, which
creates natural heat bridges.

(3) Noncuttability: the size of the VIP panels cannot be
changed once manufactured, and the panels cannot
be cut on-site according to real applications. As a
result, arrangingVIP onwalls becomes a complex and
difficult task.

(4) Nonanchorage and nonperforation: in the construc-
tion process, VIP cannot be perforated. As a result,
themeans to apply VIP to walls are extremely limited.

Overall, VIPs are thermal insulation materials with dis-
tinct advantages and disadvantages. If not appropriately used,
their advantages cannot be fully utilized, and their disadvan-
tages will dominate. Problems exist for VIP. If the problems
are addressed alone, other problems could result. Therefore,
the VIP thermal insulation system should be considered as
an integral part. The material, structure, system, and their
relationship must be systematically considered. Based on the
real conditions and different building types, the problem
must be addressed systemically to provide solutions.
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Foamed concrete (400 kg/m3) was prepared through a physical foamingmethod using ordinary Portland cement (42.5R), vegetable
protein foaming agent, fly ash, and glazed hollow beads (GHB, K46) as raw materials. The performance of cement paste as well as
the structure and distribution of air voids was characterized by rheometry, SEM, and XRD analyses with imaging software. The
effects of GHBs on the compressive strength and thermal conductivity of the foamed concrete sample were also explored. Results
show that the proportion of 50–400 𝜇m air voids, average air-void diameter, 28 d compressive strength, and thermal conductivity
of the test sample mixed with 2.4 wt% GHBs are 94.44%, 182.10𝜇m, 2.39MPa, and 0.0936w/(m⋅k), respectively. Excessive amount
of GHBs (>2.4 wt%) increases the amount of air voids with diameter smaller than 50 𝜇m in the hardened foamed concrete as
well as the degree of open porosity. Moreover, the proportion of 50–400𝜇m air voids, average air-void diameter, 28 d compressive
strength, and thermal conductivity of the sample mixed with 4.0 wt% GHBs are 88.54%, 140.50 𝜇m, 2.05MPa, and 0.0907w/(m⋅k),
respectively.

1. Introduction

The construction of high-rise and super high-rise buildings
impels the need to reduce the weight of walls; foamed con-
crete has become one of the hotspots in research of building
materials because of the national policy that advocates energy
efficiency of buildings [1–6]. Glazed hollow beads (GHBs),
a new inorganic thermal insulator, are characterized by
spherical hollow structure, closed air voids, vitrified surface,
stable physical and chemical properties, low density, low
thermal conductivity, and good fluidity [7, 8]. GHBs are
widely applied in coatings, thermal mortar, and thermal
insulators [9–16].

Researchers have improved the mechanical properties
and thermal conductivity of foamed concrete by adding
expanded perlites and fibers. Zhao et al. [17] prepared
900 kg/m3 foamed concrete by adding expanded perlites; the
prepared foamed concrete exhibits a thermal conductivity of
0.1334w/(m⋅k) and a 28 d compressive strength of 3.2MPa.
Chen and Liu [18] prepared 800 kg/m3 foamed concrete by

using ordinary Portland cement (with a 28 d compressive
strength of 72.5MPa), high alumina cement (92.4% SiO

2
), PP

fiber, and EPS fiber. The prepared foamed concrete features
a 28 d compressive strength of 11.0MPa and a high thermal
conductivity of 0.25w/(m⋅k). GHBs are widely added in
thermal mortar and insulators; these beads can reduce the
density of concrete materials and significantly enhance the
thermal insulation properties of mortar and concrete [9, 12,
13, 15]. Nevertheless, few studies reported the application
of GHBs in foamed concrete (GHBFC). Generally, GHBs
with small dimension show high compressive strength. Small
GHBs demonstrate higher strength and maximally improve
the compressive strength of foamed concrete compared with
expanded perlites with high thermal insulation property.
Moreover, spherical GHBs demonstrate higher dispersion
capability than fibers presenting outstanding reinforcement
effect and thus can be used to simplify the manufacture of
modified concrete materials.

In this study, GHBs were added to GHBFC to partially
replace the cement. The effects of GHBs on the fluidity of
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Table 1: The primary physical and chemical characters of GHBs.

SiO
2

(%) Al
2
O
3
(%) CaO (%) Fe

2
O
3
(%) K

2
O (%) Na

2
O (%) Compressive strength (MPa) True density (kg/m3) The particle size (𝜇m)

10% 50% 90%
70.34 16.10 9.89 0.13 0.68 0.16 41.34 460 15 40 75

(a) Cements ×500 (b) GHBs ×500

Figure 1: SEM images of the cements and GHBs mentioned.

cement paste as well as on the structure of air voids and pore
walls of foamed concrete were also investigated. Our results
provide a reference for production of light foamed concrete
with high compressive strength and low thermal conductivity.

2. Experimental

2.1. Materials. Ordinary Portland cement (PO 42.5R, in
accordance with the Chinese standard, GB 175-2007) was
provided byDeyangLisenCement Plant.Theparticle size and
surface morphology of the cement are shown in Figure 1(a).
The plant protein foaming agent was provided by Sichuan
Xinhan Corrosion Protection Engineering Co., Ltd. Level I
fly ash was acquired from Jiangyou Thermal Power Plant.
GHBs (K46) were produced by Minnesota Mining and
Manufacturing (USA). The primary physical and chemical
characters of GHBS are listed in Table 1. The particle sizes
and surface morphologies of GHBs are shown in Figure 1(b).
Particle size distribution (Figure 2) was determined using
Mastersizer 2000 (Malvern, England).

2.2. Preparation. All GHBFC specimens were prepared in
the laboratory by using a 15 dm3 horizontal type mixer (GH-
15, Beijing Guanggui Jingyan Foamed Concrete Science &
Technology Co., Ltd.) at 25∘C and under the mixing speed
of 40 r/min. The process is detailed as follows:

(1) The foaming agent was diluted with water at 1 : 15
ratio. The dilution was injected into the bucket of
the foamer (ZK-FP-20, Beijing Zhongke Zhucheng
BuildingMaterials Co., Ltd.) by using a high-pressure
pump. The dilution was placed in the foaming device
and subjected to high-pressure air produced by an air
compressor to generate uniform fine bubbles.
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Figure 2: Particle size distribution of GHBs.

(2) Cement, fly ash, GHBs, and water were placed into
the mixer (Table 2) and mixed for 2min. The relative
viscosity of each fresh concrete was measured imme-
diately after mixing. An appropriate amount of foam
was subsequently added and mixed for 2min until
well-blended slurry was formed.

(3) The slurry was placed in a 100mm × 100mm ×
100mm or 300mm × 300mm × 30mmmold, leveled
by a steel ruler, and then placed in a room at 20 ± 2∘C
with relative humidity (RH) of 60%. The specimens
were removed from the molds after 24 h and stored in
a fog room (20 ± 2∘C; RH > 95%) for curing for 28 d.

2.3. Test Methods. The shear stress of the specimens under
different shearing rates was tested according to the test
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Table 2: Mix proportions of 400 kg/m3 GHBFC.

Mixes designation Design density (kg/m3) Cement (g) Fly ash (g) GHBs (%) Water-binder ratio Foam (mL)
400-fa 400 1798 1199 0 0.60 5122
400-g1 400 1774 1199 0.8 0.60 5122
400-g2 400 1750 1199 1.6 0.60 5122
400-g3 400 1726 1199 2.4 0.60 5122
400-g4 400 1702 1199 3.2 0.60 5122
400-g5 400 1678 1199 4.0 0.60 5122
Note: the mixing amount of GHBs means the percentage of the gross binder material by weight.

(a) Original image ×40 (b) Binarization processing image ×40

Figure 3: SEM images of the foamed concrete specimens before and after binarization.

principle of non-Newtonian fluid viscosity by using a rotary
viscometer (NXS-11A, Chengdu Instrument Factory, China).
The Bingham model was used in linear fitting to determine
the relationship between shear stress and shearing rate. The
slope of the fitting curve represents the relative viscosity of
the slurry (experiment parameters: laboratory temperature is
25∘C, A system).

The absolute dry density and true density of GHBFC
were measured according to the Chinese Foamed Concrete
standard (JG/T 266-2011) and Cement Density Measurement
Method standard (GB/T 208-2014), respectively. The vacuum
water absorption ratio of the test specimens was determined
using an intelligent concrete vacuumwater saturation instru-
ment (Beijing Shengshi Weiye Science & Technology Co.,
Ltd., China). The open porosity of GHBFC was calculated as
follows:

𝑉op =
𝑉water
𝑉sample
× 100%, (1)

where 𝑉op, 𝑉sample, and 𝑉water are the open porosity, the
volume of test specimens, and the volume of water absorbed
by the test specimens in vacuum state, respectively.

The compressive strength of the test specimens was
measured by a fully automatic constant stress testingmachine
(JYE-300A, Beijing Jiwei Testing InstrumentCo., Ltd., China)
under a loading rate of 200N/s. Slices (8mm× 5mm× 5mm)
of the test specimens were obtained from six directions. The
reaction was terminated through hydration with absolute
ethyl alcohol and dried in an oven at 60∘C until a constant
mass was obtained. The microstructures of the specimens

were determined using a scanning electron microscope
(SEM, Hitachi JSM-7500F). After binarization of the SEM
images, Image-Pro Plus 6.0 was used to analyze and extract
data on the pore characteristics of the specimens. Figure 3
shows the SEM images of the foamed concrete specimens
before and after binarization. The mineral phases of the
samples were identified throughX-ray diffraction (XRD,DX-
2600) analysis, with Cu as target under continuous scanning
at 5∘–70∘ with a speed of 0.06∘/s. The thermal conductivity of
the test specimens was determined by a thermal conductivity
apparatus (JTRG-III, Beijing Century Jiantong Environmen-
tal Technology Co., Ltd.). The temperatures for the cold and
hot plates were set as 5∘C and 40∘C, respectively.

3. Results and Discussion

3.1. Influence of GHBs on Slurry Fluidity. The effect of GHB
content on the rheological properties of slurry is shown in
Figure 4.The slope of the relational curve between shear stress
and shearing rate represents the relative viscosity of the slurry.
The calculated relative viscosities of 400-fa, 400-g1, 400-g2,
400-g3, 400-g4, and 400-g5 are 0.0274, 0.0267, 0.0238, 0.0203,
0.0196, and 0.0133 Pa⋅s (Figure 4).The relative viscosity of the
slurry decreases with increasing GHB content. The effect of
GHB content on the slump flow of slurry is also shown in
Figure 5.The fluidity increases with increasing GHB content.

These findings can be explained from two aspects. On
the one hand, GHBs (K46) exhibit smooth surface and
spherical shape compared with cement with sharp angles
(Figure 1) and thus can improve slurry fluidity. On the other
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Table 3: Characteristics of air voids of the test specimens.

Specimens Minimum diameter (𝜇m) Maximum diameter (𝜇m) Mean diameter (𝜇m) Standard deviation Variable coefficient
400-fa 39.07 698.3 203.2 139.7 0.512
400-g1 25.31 664.6 180.8 112.5 0.563
400-g2 37.74 569 179.8 103 0.266
400-g3 48.29 554 182.1 103.7 0.302
400-g4 40.42 546.6 170.5 97.53 0.281
400-g5 21.93 494.3 140.5 86.6 0.389
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Figure 4: Effect of GHB content on the rheological properties of
slurry.

hand, GHBs display larger length-diameter ratio and smaller
specific surface area than those of cement. During mixing,
the foamed concrete slurry mixed with GHBs, instead of
cement, requires less water for surface wetting and contains
high amounts of free water in the slurry system; this sample
exhibits reduced relative viscosity and increased liquidity.
This result indicates that slurry containingGHBs can improve
the workability of foamed concrete.

3.2. Effect of GHBs on Air-Void Features and Mechanism
Analysis. Figure 6 shows the SEM images of air voids in the
specimens. The characteristics of air voids are obtained by
Image-Pro Plus 6.0, and the results are shown in Table 3 and
Figure 7. Table 3 shows that the average air-void diameter
of the samples is negatively correlated with GHB content.
Figure 7 shows that the proportions of small air voids
(<50𝜇m) of 400-fa, 400-g1, 400-g2, 400-g3, 400-g4, and
400-g5 are 6.38%, 7.26%, 3.97%, 0.79%, 2.10%, and 10.42%,
respectively; the ratios of the relatively large air voids (400–
1000 𝜇m) in the above-mentioned samples are 9.58%, 4.84%,
3.17%, 4.76%, 3.50%, and 1.04%, respectively. The ratios of air
voids (50–400𝜇m) that determine the strength values of 400-
fa, 400-g1, 400-g2, 400-g3, 400-g4, and 400-g5 are 84.04%,
87.90%, 92.86%, 94.44%, 94.41%, and 88.54%, respectively.
This finding is attributed to the GHBs surface, which exhibits
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Figure 5: Effect of GHB content on the slump flow of slurry.

high water absorption capacity and fast water absorption
[19]. Thus, GHBs can provide sufficient water for hydration
of adjacent cement particles, thereby reducing the initial
setting time of cement on air-void walls, solidifying bubbles,
and inhibiting surface tension-induced bubble growth during
curing. As such, the ratios of small and large air voids within
the foamed concrete decrease with increasing GHB content,
and the distribution of air voids becomes centralized and
uniform. Excessive GHBs may absorb excessive volume of
water from the surface of adjacent bubbles and reduce the
stability of bubbles, thereby inducing bubbles to divide into
some smaller ones. This phenomenon increases the number
of small air voids after setting and hardening of the foamed
concrete slurry.

3.3. Influences ofGHBonPorosity and Strength. Table 4 shows
the correlation between porosity and compressive strength
of the test specimens. The 28 d compressive strength values
of 400-fa, 400-g1, 400-g2, 400-g3, 400-g4, and 400-g5 are
1.80, 1.89, 1.97, 2.39, 2.26, and 2.05MPa, respectively.The com-
pressive strength increases first, reaches its peak (2.39MPa)
at 2.4 wt%, and then decreases. The compressive strength
of the foamed concrete increases and the open porosity
gradually decreases when the GHB content increases from
0wt% to 2.4 wt%. Compared with 400-fa, 400-g3 achieves
32.8% higher strength and 8.37% lower open porosity. The
compressive strength of the foamed concrete decreases and
the open porosity increases when the GHB content exceeds
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Table 4: The correlation between porosity and compressive strength of the test specimens.

Specimens Dry density (kg/m3) Open porosity (%) Closed porosity (%) 28 d compressive strength (MPa)
400-fa 406.5 46.07 36.25 1.80
400-g1 413.0 44.20 38.92 1.89
400-g2 413.5 43.05 39.30 1.97
400-g3 445.0 37.70 43.40 2.39
400-g4 426.5 43.95 38.69 2.26
400-g5 435.5 45.05 36.20 2.05

Through holes

(a) 400-fa ×40

Through holes

(b) 400-g1 ×40

Through holes

(c) 400-g2 ×40

Through holes

(d) 400-g3 ×40

Through holes

(e) 400-g4 ×40

Through holes

(f) 400-g5 ×40

Figure 6: SEM images of air voids in the specimens.

2.4 wt%. GHBs exhibit a hollow structure and closed pores
and form closed air voids after being added to foamed
concrete, as manifested by increase in closed air voids and
decrease in open air voids in 400-g1, 400-g2, and 400-g3.
Excessive GHB content (>2.4%) produces high proportions

of small air voids in the foamed concrete (Section 3.2, 400-g5
< 50 𝜇m) and excessively large surface area of air voids; thus,
high amounts of cement paste are required to cover the air
voids. Under the same cement dosage, the walls between air
voids in concrete with excessive GHBs are relatively thin and
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Figure 7: Effects of GHBs on air-voids diameter distribution of the
test specimens.
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Figure 8: XRD patterns of the test specimens.

through holes are easily formed. At this point, the total open
porosity of 400-g4 and 400-g5 begins to increase, whereas the
strength begins to decline.

The XRD patterns of the test specimens are depicted
in Figure 8, which shows that the pore walls of GHBFC
generated through cement hydration are mainly composed
of Ca(OH)

2
, C-S-H gel, and CaCO

3
. The SiO

2
from GHBs

does not participate in the hydration reaction during curing
for 28 d.

Figure 9 shows the SEM images of the pore walls of the
test specimens. Figure 9(a) shows that the pore wall with-
out GHBs consists of cross-linked hydration products and
numerous micropores. Figures 9(b) and 9(c) show the SEM

images of the pore walls of the test specimens with GHBs,
which are compactly covered by the hydration products of
cement.

From the perspective of material structure, primary
factors that influence the compressive strength of foamed
concrete include the structures of pore walls and air voids.
Figures 9(b) and 9(c) show that some micropores formed
during cement hydration are replaced by high-strengthGHBs
with dense surface; thus, the pore wall of foamed concrete
becomes denser, and the compressive strength improves. Low
GHB content (≤1.6%) insignificantly affects the densification
of pore walls and increases the number of through holes
(Figures 6(b) and 6(c)). This phenomenon explains slight
improvement in the compressive strength of 400-g1 and 400-
g2. When the GHB content ranges from 2.4% to 3.2%, the
pore walls become dense and few through holes are formed
(Figures 6(d) and 6(e)).This finding indicates the outstanding
reinforcement of the compressive strength of GHBFC.On the
other hand, previous research [20] concluded that a narrow
distribution of air-void diameter contributes to an even air-
void diameter, high wall density, low open porosity, and
high compressive strength of foamed concrete. As shown in
Section 3.2, the average air-avoid diameter of the samples
decreases gradually with increasing GHB content, which in
turn increases the compressive strength of foamed concrete.
Nevertheless, the amount of small air voids (<50𝜇m) in 400-
g5 reaches as high as 10.42%, resulting in high total specific
surface area of air voids and high demand for cement paste
to cover the pores. Under the same cement content, the wall
between pores is relatively thin and the amount of through
holes increases (Figure 6(f)), resulting in the highest degree
of open porosity and a considerable loss in strength.This find-
ing demonstrates that excessive GHBs reduce compressive
strength. In addition, this result indicates that GHBs play a
vital role in improving the compressive strength of foamed
concrete and an optimum GHB content must be applied.

3.4. Effects of GHBs on Thermal Conductivity. The effects
of GHBs on thermal conductivity of the test specimens are
depicted in Figure 10. The thermal conductivity decreases
with increasing GHB content. The thermal conductivity of
400-g3, which displays the highest compressive strength, is
0.0936w/(m⋅k), whereas the thermal conductivity of 400-
g5 exhibits the highest GHB content of 0.0907w/(m⋅k). The
thermal conductivity of a material is mainly determined by
the size, quantity, shape, and interconnections of its pores
[13]. A large number of small closed pores can effectively
reduce air convection. Convective heat transfer between the
pores via air is difficult because of the completely hollow
porous structure of the GHB particles. The number of closed
pores in the foamed concrete increases with increasing GHB
content, resulting in decreased thermal conductivity.

4. Conclusions

In this study, the effect of GHB content on the properties of
GHBFC was investigated, and the results can be summarized
as follows:
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Figure 9: SEM images of the pore walls of the test specimens.
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Figure 10: Effects of GHBs on thermal conductivity of the test
specimens.

(1) GHBs can reduce the relative viscosity and improve
the workability of cement slurry.

(2) A proper amount of GHBs mixed into a foamed
concrete can significantly improve the compressive
strength and narrow the distribution of air voids.
Excessive GHB content would increase small air voids

(<50𝜇m), resulting in a high degree of open porosity
in the hardened foamed concrete.

(3) GHBs can reduce convective heat transfer through air,
enhancing the thermal insulation of GHBFC.
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Rising damp can reduce building’s aesthetical value, comfort, and health mark when combined with the existence of soluble salts
in the building components and in the ground water can even lead to material decomposition and compromise its structural
performance. This research work intended to study the effect of different absorption cycles of two saturated solutions of sodium
sulphate and potassium chloride in the capillary absorption curves obtained through the partial immersion of red brick samples
without and with different joints. The results revealed significant differences in the capillary coefficients obtained when samples
were tested with salt solutions. In the end of this paper an evaluation of the drying kinetics was presented for all the tested samples.
Four different first-order kinetics models, available in the literature, were adjusted to describe the drying process and the results
point that the Page and Logarithmic models allow the best fit. The apparent molecular diffusion coefficient for solid red brick
samples saturated with different solutions and joints was also estimated.

1. Introduction

Rising damp is one of construction’s major problems espe-
cially in old, ancient, and historical buildings associated
porous materials used in this industry. This happens due to
the migration of the salt ions dissolved in water into the
porous network of the building’s walls where they remain
and crystalize after water evaporates, dealing great pressures
against the pore walls and eventually resulting in their
fracture after many cycles of crystallization/dissolution [1, 2].
This mechanism has a massive influence on the degradation
of historical buildings since they were built in a time when
construction technologiesmade no effort to prevent this kind
of pathologies.

The materials used in the construction industry exhibit
porous characteristics that favour the moisture fixation
through mechanisms like capillary, hygroscopicity, and con-
densation [3–7]. The experiments reported in this paper
are directly related to rising damp, one of the moisture
propagation phenomena that cause further deterioration in
buildings. Rising damp may be explained by the capillary

migration of water from the soil through the porous network
of the materials that compose building elements.This kind of
damp assumes a greater expression in old buildings, mostly
constructed in masonry, in which porous materials such as
ceramic bricks, mortars, and stones are used [1, 2].

The presence of dissolved salts in the water, which uprises
through the porous network of building elements, constitutes
an annoying factor for its degradation [8, 9]. If, on one hand,
salts follow the water during its rise in liquid phase, the same
does not occur when the water evaporates. Therefore, the
salts remain in the porous structure of the building materials
and eventually crystallize after the solution has reached
its supersaturation state. Salt can crystallize on the surface
of the materials developing efflorescence with aesthetical
consequences for the building or inside the porous struc-
ture, inflicting great pressures over the pore walls that can
disintegrate them when surpassing its mechanical resistance
[10, 11]. Hygrothermal oscillation of the surrounding environ-
ment may promote cycles of crystallization/dissolution and
potentially developing wrecking tensions in different pores in
each cycle.
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Adding to this, the constructive systems, elements, and
components, particularly the masonry, base their functional
efficiency on the combination of materials with different
characteristics. However, this heterogeneity makes moisture
transfer analysis muchmore complex, demanding the knowl-
edge, not only about the individual characteristics of the
materials but also about the continuity conditions of the
interface that separates the distinct materials and that is why
the knowledge about the joints influence in those transport
phenomena is considered crucial [12–14].

This paper intends to report the experimental work
carried outwith brick specimens, aiming to evaluate the effect
of salt solutions in the capillary absorption of monolithic
brick specimens in comparison with water. Sodium sulphate
and potassium chloride were the chosen salts to perform the
experiments. The first is one of the salts that impose more
degradation to buildings; the second was chosen for being
very commonly found in building materials, especially the
ion chloride. It also presents the drying kinetics and five
models were adjusted to describe the drying process. Finally,
in the capillary absorption and drying tests, different joints
as perfect contact (just in contact), hydraulic continuity (with
interpenetration of bothmaterials), and air space (with an air
layer between different materials) were also tested to evaluate
the interface effect in moisture transference processes.

2. Materials and Methods

The test specimens used were nine red brick monolithic
samples with the dimensions 5 × 5 × 10 cm3 (three for each
solution including water). All the specimens were sealed
in the lateral faces with an epoxy coating to avoid the
evaporation through these sides and assure the unidirectional
moisture flow from the bottom to the specimens’ top surface.
Tests were performed only for pure water and two saturated
salt solutions (KCl andNa

2
SO
4
).The solutionswere saturated

with salt excess in order to avoid the decrease of ions during
the absorption process.

2.1. Capillary Coefficient. The capillary absorption tests fol-
lowed the procedure n∘ II.6 “Water Absorption Coefficient
(Capillary)” of RILEM [15]. The tests were preceded by the
drying of the specimens in an oven at about 60∘C until
obtaining constant mass, in order to calculate the dry mass of
the specimens. After this step, specimens were stored in the
test room for some days, until they reach the hygrothermal
equilibrium.

Mukhopadhyaya et al. [16] confirmed the temperature
influence on capillary absorption coefficient of brick speci-
mens in their study with different porous materials. In order
to minimize the effect of temperature on our results, tests
were performed in a room with controlled temperature. The
values of temperature and relative humidity (RH) of the
air were measured every ten minutes for 33 days using a
sequential data recording device. The mean values obtained
were 22.8∘C for the temperature and 52.7% for the RH.

Tests began with the partial immersion of the specimens
5mm deep. After the immersion, weightings were performed

periodically in order to determine the amount of water
absorbed during the test. On the first day, weightings were
performed on all samples at minutes 1, 3, 5, 10, 15, 30, and 60
and afterwards at least once an hour. In general, weightings
were attempted every two hours on the second day, every
three hours on the third day, and once a day for the remaining
days of testing.This timing had yet to suffer some adjustments
for some combinations tested. For instance, for the specimens
with air space between layers, after the wet front has reached
the interface the time between weightings was extended since
themoisture transport at the interface took place in the vapor
phase and was therefore much slower.

The amount of absorbedwater per unit area at time 𝑡 assay
𝑀
𝑤
(kg/m2) is calculated using (1), where𝑀

0
(kg) is the dry

mass of the sample,𝑀
𝑖
(kg) is of the mass of sample at time 𝑡,

and 𝐴 (m2) is the area of the base of the specimen:

𝑀
𝑤
=

𝑀
𝑖
−𝑀
0

𝐴

. (1)

Once the amount of water absorbed over the time until
the saturation of the porous media was determined, it was
then possible to calculate the capillary absorption coefficient,
𝐴
𝑤
, and the maximum moisture flow through the interface.

The earlier one corresponds to the slope of the first linear
portion of the imbibition curve that expresses the amount
of water absorbed per unit area (kg/m2) as a function of the
root of time (s1/2).The second corresponds to the slope of the
linear approximation of the imbibition curve that expresses
the amount of water absorbed per unit area (kg/m2) as a
function of time (s) once reached the interface.

The results of capillary absorption are given by the sorp-
tivity 𝑆 (m/s0.5). This property, which depends on both the
material and the liquid, expresses the tendency of a building
material to absorb and transmit a liquid by capillarity [6], as
shown by

𝑆 = (

𝜎

𝜂

)

1/2

�̇�, (2)

where 𝜎 is the surface tension of the liquid, 𝜂 is the viscosity
of the liquid, and 𝑆 is the intrinsic sorptivity of thematerial. It
is important to be in mind that the relation between capillary
absorption coefficient and sorptivity is given by 𝐴

𝑤
= 𝑆 ⋅ 𝜌

𝑤
,

where 𝜌
𝑤
is the water density (kg/m3).

2.2. Drying Kinetics. Drying was assessed following the
experimental procedure of RILEM [15]. It consists in soaking
the specimens and then letting them dry through their top
surface under controlled environmental conditions. Mean-
while, the loss of water is monitored by periodical weighing.
The results are expressed by the so-called mass drying curve
which depicts the variation in moisture content over time.

Frequently, quite simple models [17, 18] are presented
to describe the drying curves that can provide an adequate
representation of the experimental results. One of the most
simplified models is the exponential model:

MR =
𝑤 − 𝑤

𝑒

𝑤
0
− 𝑤
𝑒

= 𝑒
−𝑘𝑡
, (3)
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Table 1: Mathematical models given by various authors for drying
curves.

Model equation Model name
MR = 𝑒−𝑘𝑡 Exponential
MR = 𝑒−𝑘𝑡

𝑛

Page
MR = 𝑎 × 𝑒−𝑘𝑡 + 𝑏 Logarithmic
MR = 𝑎 × 𝑒−𝑘𝑡

𝑛

+ 𝑏 × 𝑡 Midilli et al.

where 𝑤 is the average moisture content at any time, 𝑤
0
is

the initial moisture content, 𝑤
𝑒
is the equilibrium moisture

content, 𝑘 is the drying rate constant, and 𝑡 is the drying time.
Usually, this model does not provide an accurate simulation
of drying curves ofmany buildingmaterials, underestimating
the beginning of the drying curve and overestimating the
later stages. To soften this minor accuracy, the Page model
is applied with an empirical modification to the time term by
introducing an exponent, 𝑛:

MR =
𝑤 − 𝑤

𝑒

𝑤
0
− 𝑤
𝑒

= 𝑒
−𝑘𝑡
𝑛

. (4)

These empirical models derive a direct relationship
between averagemoisture content and drying time. However,
they neglect the fundamentals of the drying process and their
parameters have no physical meaning.

In this work, the drying curves were fitted with four
different empirical and semiempirical drying models (see
Table 1). Regression analyses of these equations were done
by using STATISTICA routine. The regression coefficient
(𝑅2) was primary criterion for selecting the best equation to
describe the drying curves of ETICS. The performance of
derived new models was evaluated using various statistical
parameters such as the mean bias error (MBE), the root
mean square error (RMSE), and chi-square (𝜒2), in addition
to the regression coefficient (𝑅2). These parameters can be
calculated as follows:

MBE = 1
𝑁

𝑁

∑

𝑖=1

(MRpre,𝑖 −MRexp,𝑖) , (5a)

RMSE = √ 1
𝑁

𝑁

∑

𝑖=1

(MRpre,𝑖 −MRexp,𝑖), (5b)

𝜒
2
=

∑
𝑁

𝑖=1
(MRexp,𝑖 −MRpre,𝑖)

2

𝑁 − 𝑝

.
(5c)

The mechanisms of mass transfer in building materials
are complex and frequently the modelling of the drying
curves during the falling rate period is carried out by
assuming that the main mechanism is of diffusional nature.
In accordance with this, the experimental drying data for
determination of apparent molecular diffusion coefficient

was interpreted by using Fick’s diffusion model. In a one-
dimensional formulation with the diffusing substance mov-
ing in the direction normal to a sheet of medium of thickness
𝐿, the diffusion equation can be written as [19]

𝜕𝑤

𝜕𝑡

= 𝐷eff
𝜕
2
𝑤

𝜕𝑥
2

(6)

subject to the following boundary conditions:

𝑡 = 0,

0 < 𝑥 < ∞,

𝑤 = 𝑤
0
,

(7a)

𝑡 > 0,

𝑥 = 0,

𝑤 = 𝑤
𝑒
,

(7b)

𝑡 > 0,

𝑥 → ∞,

𝑤 = 𝑤
0
.

(7c)

The analytical solution of (6) with the initial and bound-
ary conditions (7a)–(7c) is

MR =
𝑤 − 𝑤

0

𝑤
𝑒
− 𝑤
0

= 1 − erf ( 𝑥

2√𝐷eff𝑡
) . (8)

Integrating in respect of 𝑡 the rate of the penetration of
sample face unit area (𝑥 = 0) by water vapor, the total
amount of diffusing substance in time 𝑡 is obtained; then
the appropriate solution of the diffusion equation (8) may be
written as follows:

MR = 8
𝜋
2
×

∞

∑

𝑛=0

1

(2𝑛 + 1)
2
exp [− (2𝑛 + 1)2 𝜋2

𝐷eff𝑡

𝐿
2
] (9)

and for long drying times (neglecting the higher order term
by setting 𝑛 = 0) it has been simplified as follows:

ln (MR) = ln( 8
𝜋
2
) − [𝜋

2𝐷eff𝑡

𝐿
2
] . (10)

3. Results and Discussion

3.1. Capillary Coefficient. Figure 1 sketches a representation
of the monolithic specimen, hydraulic continuity interface,
perfect contact interface, and air space interface.

The capillary absorption curves obtained in those speci-
mens for each one of the three solutions tested are represented
in Figures 2 and 3. The capillary absorption coefficients
determined from these curves are represented in Table 2.

The results exposed in this paper regarding the capillary
absorption coefficient support the hypothesis that the pres-
ence of soluble salts dissolved in water influences the wetting
kinetics of porous materials, at least of brick material as it
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Monolithic Perfect contact
Hydraulic continuity Air space

Figure 1: Virtual representation of the different types of specimen tested.

(a) (b)

(c)

Figure 2: Illustration of some samples before the beginning of the 2∘ cycle tests: (a) monolithic specimens, (b) hydraulic continuity interface,
and (c) perfect contact interface.

was the porous material in study. The capillary absorption
coefficient determined for the specimens immersed in sat-
urated solution of sodium sulphate was way lower than the
one obtained for the reference test (pure water). On the other
hand, potassium chloride appears to induce an increase in
this coefficient in comparison with the reference solution.
However, the difference between the capillary absorption
coefficient of sodium sulphate solution and the reference
solution is higher than the one between the potassium
chloride and the latter. Our results are in line with that
observed by Azevedo [11] who concluded that salts with
potassium ion (K+) lead to the decrease of the capillary
absorption coefficient when compared with pure water, while
salts with sodium ion (Na+) induce a decrease in the capillary
absorption coefficient.

In Figure 4 it is possible to see the capillary absorption
curve of red brick samples as a function of the root of time,

after 1 and 2 cycles, with pure water and saturated solutions of
KCl andNa

2
SO
4
, for each joint type. Amore detailed analysis

was done in Figure 5, and the results obtained show that
comparing the 1st and 2nd absorption cycles, it is possible to
conclude that the specimens immersed in water practically
absorbed the same amount of water, but when the samples
are immersed in salt solutions (Na

2
SO
4
and KCl) the mass

gain in the absorption process is lesser in the 2nd cycle than
in the 1st cycle.

Figure 6 shows the mass gain by the samples tested in
water and both salts solutions, for the three different joints
analysed. For hydraulic continuity interface, the contact
between layers was donewith amortar joint of 3mmandwith
an interpenetration of both layers. Figure 6 shows slowing of
the wetting process when the moisture reaches the interface
due to the interface hygric resistance. This result reveals
the existence of a resistance associated with the maximum
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(a)

(b)

Figure 3: Illustration of some samples after several weeks of the 2∘ cycle tests: (a) monolithic specimens and (b) perfect contact interface.

Table 2: Capillary absorption coefficient of monolithic red brick specimens partially immersed in pure water and saturated solutions of KCl
and Na

2
SO
4
.

Solution Capillary absorption coefficient [kg/(m2⋅s1/2)]
Mean Standard deviation Variation coeff (%)

Water 0.0675 0.0035 5.2%
Water + Na

2
SO
4

0.0551 0.0025 4.5%
Water + KCl 0.0660 0.0025 10.6%

flow transmitted (FLUMAX) that presents the higher value
FLUMAX, as showed in Figure 7. The maximum flow trans-
mitted value is a parameter easy to obtain experimentally and
an important input for the hygrothermal programs available
in literature [20].

In the situation of perfect contact interface, the exper-
iments detailed in Figure 6 show slowing of the wetting
process when the moisture reaches the interface due to the
interface hygric resistance. Once again, this result reveals the
existence of resistance associated with the maximum flow
transmitted, but the lower slow mass gain by the samples
indicates a high hygric resistance and an expectable lower
maximum flow transmitted value than the obtained one in
the hydraulic continuity interface situation.

Finally, for the samples with air space interface, the
samples are separated by about 3mm of an air space in order
to have hydric cut that prevents the moisture transfer in
liquid phase. Figure 6 shows a slowing of the wetting process
when the moisture reaches the interface due to the interface
hygric resistance; however, this hygric resistance is higher
than the resistance observed in the perfect contact interface.
This phenomenon is observed by the extremely slow weight

gain presented in Figure 6, for the situation described, and
once again reveals the existence of resistance associated with
the maximum flow transmitted. This value is expected to be
lower than the obtained one with a perfect contact interface
(see Figure 7).

3.2. Drying Kinetics. Figure 8 shows the changes in the
moisture variation with time during the drying process for
different joints and liquid solutions. The common feature of
the curves seen in Figure 8 is their similarity as being typical
drying curve, as moisture content decreased exponentially
with time.

Drying rate decreases continuously with time and
decreasingmoisture content.This result shows that dominant
physical mechanism governing moisture movement in red
brick samples is the second drying stage. During the second
stage of the drying process the diffusion within the building
material limits the rate of evaporation.

Five drying models have been used to describe drying
curves and the applicability of these models is presented in
Tables 3 and 4. The criterion used for selecting the models
that better describe the drying process was the magnitude of
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Figure 4: Continued.
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Figure 4: Capillary absorption curve of red brick samples as a function of the root of time, after 1 and 2 cycles, with pure water and saturated
solutions of KCl and Na

2
SO
4
, for (a) monolithic specimens, (b) hydraulic continuity interface, (c) perfect contact interface, and (d) air space

interface.

the relative error for each one (see Table 4). The Page and
Logarithmic models presented the best results.

The results reported in Table 3 show that the drying
constant obtained is greater for red brick samples with pure
water than with the salt solution analysed. It is important to
be in mind that with salt solutions the drying process is more
complex considering the salt ions stays in the material and
the difficult transport process. Another important conclusion
is the influence of the joints in the drying process, and
it is possible to observe that the monolithic samples and
the samples with perfect contact present higher values of
drying constant than the samples with hydraulic continuity.
Figure 8 also shows thatmonolithic samples and sampleswith
perfect contact interface present a similar drying process,
which should be expected due to the nature of the perfect
contact joint.The samples with air space interface present the
higher drying constant value which, considering the highest
contact with air that they have, to eliminate water, seems to
be expected and a realistic result.

Finally, in order to establish the diffusional model, the
effective diffusivity coefficient was identified by using (9)
and the experimental drying curves of red brick samples
were obtained. Effective diffusivity coefficient determination
results from plot of dimensionless moisture ratio which is
obtained from experimental data plotted against time on a
semilogarithmic diagram. This plot is straight over the first
falling period. The slope of this straight line is equal to
quantity 𝜋2𝐷eff/𝐿

2 in case of slab geometry.
The effective diffusivity coefficient (𝐷eff ) obtained is

greater for the red brick samples with pure water than the
samples with salt solutions, and the sample with hydraulic
continuity interface presents lower values of 𝐷eff , as showed
in Table 3.

4. Conclusions

In this work an extensive experimental campaign was pre-
sented to study the effect of different absorption cycles of two
different saturated solutions of sodium sulphate and potas-
sium chloride in the capillary absorption curves obtained
through the partial immersion of red brick samples without
and with different joints. The drying kinetic process was also
analysed for all the samples tested.

The main conclusions were as follows:

(i) Both salts influence the capillary absorption coef-
ficient in a distinct way. The presence of sodium
sulphate induces a decrease in this coefficient com-
pared to tests performed with pure water, while
the tests performed with potassium chloride showed
an increase of the capillary absorption coefficient
compared to pure water, despite presenting a lower
difference.

(ii) All three types of interface studied presented hydric
resistance during the capillary absorption tests,
although with different levels of magnitude. Spec-
imens with air space between layers offered much
more resistance to moisture transport through their
interface compared to both perfect contact and
hydraulic contact specimens due to the fact that
moisture only flows in vapor phase unlike the other
two which also support liquid phase transport.

(iii) Comparing our results with those obtained by de
Freitas [12] helped sustaining the author’s theory that
maximum moisture flow through the air space and
perfect contact interfaces (individually) may be fixed
within a close range of values for the same material,



8 Advances in Materials Science and Engineering

Table 3: Values of empirical constants and drying constant for the models tested.

Joints Solution Exponential Page Logarithmic Midilli et al. Diffusional

Monolithic

Water k = 1.62 × 10−3 k = 9.24 × 10−3
n = 0.726

k = 1.95 × 10−3
a = 0.881

b = 9.12 × 10−2

k = 5.96 × 10−3
n = 0.818
a = 1.05

b = 1.73 × 10−5

𝐷eff (m2/s) =
3.34 × 10−10

Water + Na
2
SO
4

k = 3.17 × 10−4 k = 1.03 × 10−3
n = 0.839

k = 4.09 × 10−4
a = 0.792
b = 0.188

k = 6.26 × 10−4
n = 0.903
a = 0.985

b = 9.47 × 10−7

𝐷eff (m2/s) =
0.48. × 10−10

Water + KCl k = 3.75 × 10−4 k = 2.24 × 10−4
n = 1.07

k = 3.64 × 10−4
a = 0.986
b = 0

k = 3.53 × 10−5
n = 1.31
a = 0.966
b = 0

𝐷eff (m2/s) =
0.61 × 10−10

Hydraulic continuity

Water k = 4.14 × 10−4 k = 1.15 × 10−3
n = 0.858

k = 5.49 × 10−4
a = 0.842
b = 0.156

k = 8.72 × 10−4
n = 0.908
a = 1.00

b = 1.26 × 10−5

𝐷eff (m2/s) =
0.70 × 10−10

Water + Na
2
SO
4

k = 4.14 × 10−4 k = 1.26 × 10−3
n = 0.846

k = 4.45 × 10−4
a = 0.885

b = 8.71 × 10−2

k = 7.65 × 10−4
n = 0.909
a = 0.981

b = 9.47 × 10−7

𝐷eff (m2/s) =
0.69 × 10−10

Water + KCl k = 2.51 × 10−4 k = 6.38 × 10−4
n = 0.875

k = 3.29 × 10−4
a = 0.783
b = 0.203

k = 3.53 × 10−5
n = 1.31
a = 0.966

b = 6.75 × 10−5

𝐷eff (m2/s) =
0.34 × 10−10

Perfect contact

Water k = 2.51 × 10−3 k = 2.77 × 10−2
n = 0.601

k = 3.65 × 10−3
a = 0.827
b = 0.125

k = 4.15 × 10−2
n = 0.545
a = 1.06

b = 1.48 × 10−6

𝐷eff (m2/s) =
5.08 × 10−10

Water + Na
2
SO
4

k = 4.46 × 10−4 k = 1.04 × 10−2
n = 0.559

k = 9.15 × 10−4
a = 0.574
b = 0.367

k = 7.65 × 10−4
n = 0.909
a = 0.981

b = 5.61 × 10−6

𝐷eff (m2/s) =
0.76 × 10−10

Water + KCl k = 3.69 × 10−4 k = 3.25 × 10−4
n = 1.02

k = 3.57 × 10−4
a = 0.986
b = 0

k = 8.60 × 10−8
n = 1.19
a = 0.973
b = 0

𝐷eff (m2/s) =
0.59 × 10−10

Air space interface

Water k = 4.30 × 10−3 k = 1.89 × 10−2
n = 0.725

k = 5.26 × 10−3
a = 0.907

b = 7.31 × 10−2

k = 2.44 × 10−2
n = 0.692
a = 1.04

b = 1.13 × 10−5

𝐷eff (m2/s) =
8.51 × 10−10

Water + Na
2
SO
4

k = 9.77 × 10−4 k = 1.47 × 10−2
n = 0.585

k = 1.72 × 10−3
a = 0.693
b = 0.261

k = 7.77 × 10−4
n = 1.05
a = 0.929

b = 7.62 × 10−5

𝐷eff (m2/s) =
1.72 × 10−10

Water + KCl k = 3.99 × 10−4 k = 2.58 × 10−3
n = 0.744

k = 6.59 × 10−4
a = 0.686
b = 0.284

k = 7.48 × 10−4
n = 0.938
a = 0.974

b = 4.38 × 10−5

𝐷eff (m2/s) =
0.66 × 10−10

since the maximummoisture flow values determined
in this work were very close to the author’s for a
similar used material.

(iv) Specimens with hydraulic contact interface presented
more heterogeneous results. Furthermore this kind
of interface’s hydric resistance depends on several

factors like the water/cement ratio and curing con-
ditions. Despite the difference between the speci-
men’s characteristics, a comparison between ours and
Cunha’s results shows distinct behaviours in moisture
transport through the interface despite using the same
cement material.
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Figure 5: Water absorption coefficient of red brick samples after 1 and 2 cycles, with pure water and saturated solutions of KCl and Na
2
SO
4
,

for (a) monolithic specimens, (b) hydraulic continuity interface, (c) perfect contact interface, and (d) air space interface.

Table 4: Results of the statistical analyses obtained with the drying models tested.

Joints Solution Chi-square (𝜒2) error
Exponential Page Logarithmic Midilli et al. Diffusional

Monolithic
Water 12.75% 1.54% 5.51% 7.19% 5.93%

Water + Na
2
SO
4

9.01% 1.68% 1.58% 1.10% 20.01%
Water + KCl 2.28% 2.25% 2.12% 0.86% 11.75%

Hydraulic continuity
Water 1.83% 0.67% 0.60% 0.61% 4.65%

Water + Na
2
SO
4

7.53% 2.23% 2.05% 1.45% 15.90%
Water + KCl 2.44% 1.46% 0.91% 2.50% 12.66%

Perfect contact
Water 38.75% 4.14% 17.57% 2.76% 14.10%

Water + Na
2
SO
4

73.16% 3.12% 16.67% 57.93% 7.03%
Water + KCl 1.07% 1.12% 0.89% 0.49% 7.70%

Air space interface
Water 3.93% 1.10% 1.24% 0.54% 2.74%

Water + Na
2
SO
4

69.91% 5.83% 7.69% 18.98% 20.76%
Water + KCl 8.85% 1.61% 1.04% 1.00% 4.94%

Sum 251.51% 26.75% 57.87% 95.41% 128.17%
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Figure 6: Representation of the absorption in the monolithic specimens and specimens with hydraulic continuity interface, perfect contact
interface, and air space interface, for (a) pure water, (b) saturated solution of KCl, and (c) saturated solution of Na

2
SO
4
.
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Figure 8: Drying curves of red brick samples with pure water and saturated solutions of KCl and Na
2
SO
4
, for (a) monolithic specimens, (b)

hydraulic continuity interface, (c) perfect contact interface, and (d) air space interface.

(v) Different first-order kinetics models were adjusted
to describe the drying process and the results point
that the Page and Logarithmic models allow the best
fit.

Nomenclature

𝐴: Area
𝐴
𝑤
: Capillary absorption coefficient

𝑎, 𝑏, 𝑛: Empirical coefficients of models
𝐷eff : Effective diffusivity coefficient
𝑘: Drying kinetic coefficient
𝐿: Thickness
MBE: Mean bias error
𝑀
0
: Dry mass of the sample

𝑀
𝑖
: Mass of sample at time

𝑀
𝑤
: Amount of absorbed water per unit area

MR: Moisture ratio, MR = (𝑤−𝑤eq)/(𝑤0 −𝑤eq)
𝑁: Number of experimental points
𝑝: Number of estimated parameters
RMSE: Root mean square error
𝑆: Sorptivity
𝑡: Time
𝑇: Temperature
𝑥: Axial coordinate
𝑤: Moisture content
𝑤
𝑒
: Equilibrium moisture content

𝑤
0
: Initial moisture content

𝜒
2: Chi-square test
𝜌
𝑤
: Water density.
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This study investigates a novelty wavelet application for damage detection of regular and irregular building structures under seismic
load effects.The energy of wavelet transform and correlation coefficient are used to detect the performance of the damaged building.
The simple 3D regular and irregular simulation (finite elementmodel) models of a building are designed to verify themethods’ uses
and optimum applications. The obtained results reveal that the energy of Discrete Wavelet Transform (DWT) shows significantly
higher performance than the energy of Continuous Wavelet Transform (CWT) in detecting the damage of the building, and the
performance of irregular buildings appeared suitable for use in the seismically active areas. In addition, it can be concluded that
the correlation coefficient can be applied to study the effects of damage and the safety of structures.

1. Introduction

The structure’s damage detection is one of the important
parameters for the structural system identifications [1]. Fur-
thermore, the damage is almost detected in the structures in
life service [2]. Therefore, it is important to design a moni-
toring system and developmethods to detect the damage and
enhance the safety of structures. The damage occurs due to
changes in geometrical or physical properties of structural
members [2]. In addition, the damage assessment and identi-
fication are divided into four categories, that is, the presence
of damage, the location of the damage in the structure, the
severity identification of the damage, and the assessment of
remaining lifetime of the structure [3]. Thus, the structural
health monitoring (SHM) systems are used to measure the
performance of structures, to detect and analyze the changes,
and to identify the structural condition categorically.

The model identification methods are used to predict
the structural movements and damage and assess the perfor-
mance. Many identifications models are used to detect and
localize the damage, and the wavelet transform (WT) is one
of those [2, 4–6]. WT may be viewed as an extension of
traditional Fourier transformation with adjustable window
location and size [2, 7]. Furthermore, the WT is considered
as an efficient tool for SHM and damage detection [2, 8–10].
Haifeng [3] proposed the advantages of WT in the analyses
of structural performance and damage detection. The main
advantage of WT is the ability to perform a local analysis of
signal measurements [3, 11]. Thus, it is capable of revealing
some hidden aspects of the measurements that other signal
analysis techniques fail to detect [11]. Moreover, the WT
has emerged as the best tool for the analysis of seismic
traces, since it is capable of acquiring high time resolution
at higher frequency bands and high-frequency resolution at
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lower frequency bands with an adjustable time-frequency
window [3].This property is particularly cardinal for damage
detection applications. Many applications for the structural
damage and assessment adopt WT techniques [1–3, 10–
12]. Most of the applications for damage detection in civil
engineering are for regular buildings (experimental study)
[12], trusses [9], bridges [6], and beams [8]; therefore, the
novelty application for this method is used in this study for
the regular and irregular buildings.

The performances of regular and irregular buildings
under seismic loads are presented in [13–17]. Also, the
response controls of the regular and irregular buildings are
presented in [18–20]. The modal analysis of regular building
showed that first and third mode shapes had the most
dominant modal mass along the longitudinal and transverse
directions [17]. Furthermore, the analyses for performance
and damage detection of the regular building showed that
stochastic damage detection method can be used to detect
the damage location and corresponding damage severities
when uncertainty or random parameters of the building
structure are taken into account [14]. Mazza [16] showed that
seismic capacity directions are not necessarily the same at
the serviceability and ultimate limit states for the irregular
building performance studies. Arangio and Bontempi [21]
and Sepúlveda et al. [15] have shown that the outputmeasure-
ments for the structure performance are mostly used to pre-
dict the damage of structures. Shao and Tiong [22] expected
that more intensity measures could improve the accuracy of
the seismic risk estimation. In addition, the nonstructural
components whichmay have an effect on the overall structure
integrity for the building members should be studied.

The present study uses a novel application of WT for
the regular and irregular buildings’ damage detection. The
performance of the buildings will be presented in the time
domain. The signals coefficient of continuous and discrete
methods will be studied. The correlation study of wavelet
energy is discussed and the application of correlation is
utilized to detect the damage and assess the structures.

2. Wavelet Theory

Previously, two Fourier transform- (FT-) based parameters,
that is, natural frequencies andmode shapes, have been dom-
inantly used in damage detection and assessment of struc-
tural integrity [3, 23]. WT-based SHM and damage identi-
fication is a newly emerging area of studies in the field of
SHM. It is known that the response signals of structures
usually share the softening trend as the sample signal. In this
case, WT provides a new way to analyze the signal, with its
merits of “zoom-in” for transient features and “zoom-out”
for slow changes [3]. So, by the introduction of WT, both
frequency and time information can be captured for signal
analyzing. The WT is categorized into Discrete Wavelet
Transform (DWT), Wavelet Packet Transform (WPT), Con-
tinuous Wavelet Transform (CWT), and Stationary Wavelet
Transform (SWT). Herein, the commonmethods used in the
SHM are DWT and CWT. Numerous studies have used dif-
ferent types of the wavelet transform for detecting structural
damage, as in [23, 24]. The fundamental theory of WT is

described clearly in [3, 6, 23, 24]. The novelty used in this
study is the correlation of wavelet energy for the signal to
detect and assess the damage and performance of structures
and compare between the methods and structure types.
However, in this section we will summarize the methodology
and application used in this study.

In this study, we will use the continuous and discrete
WT methods. As a type of time-frequency domain analysis
method, the CWT can transform time domain data into both
time and frequency domains. The flexibility from a wide
choice ofmother wavelets allows theWT to isolate changes in
a signal that may be difficult to detect using other transform
methods such as Fourier transforms. The CWT of a set of
time domain signals 𝑥(𝑡) with respect to the mother wavelet
function 𝜑(𝑡) is shown in [6, 24]. Consider

𝐶 (𝑖, 𝑗) =

1

√𝑖

∫

∞
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𝑥 (𝑡) 𝜑
∗

(

𝑡 − 𝑗

𝑖

) 𝑑𝑡, (1)

where𝐶 indicates wavelet coefficients of CWT; 𝑖 and 𝑗 are the
scale and translation parameters; and 𝜑∗(𝑓) represents the
complex conjugate of the mother wavelet 𝜑(𝑓). When using
the FT, one usually develops the spectrogram. The WT has
scaling factors. The analog to spectrogram is the scalogram,
defined as
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The scalogram is a measure of the energy distribution over
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where 𝑚 and 𝑛 are the order of scale and translation para-
meters.

The CWT coefficients of signal damaged and undamaged
locations of the structure, transformed by themotherwavelet,
were compared in contour plots. When the damage was
introduced in the structure, peak values of the wavelet coef-
ficients can be observed to shift from higher frequency
levels into lower frequency levels in frequency domain. In
addition, the wavelet coefficients are observed to be dispersed
in time domain. Also, the correlation between the energies of
wavelet coefficient for the undamaged and damaged cases is
calculated to assess and detect the damage.

On the other hand, the DWT is a linear transformation
that operates on a data vector. It is a tool that separates data
into different frequency components that are the approxi-
mations and the details. The produced low-pass portion of
the signal is called the “approximations.” They are the high-
scale and low-frequency components of the original signal.
However, the “details” are the high-pass portion which is
the low-scale and high-frequency component of the original
signal. The decomposition of the original signal using the
wavelet analysis is expressed as

𝑥
𝑘
(𝑡) = 𝐴

𝑘+1
(𝑡) + 𝐷

𝑘+1
(𝑡) , (4)
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where 𝐴(𝑡) is the approximations component, 𝐷(𝑡) is the
details component, and 𝑘 is the level number representing the
particular range of frequency content of the signal.

The original signal can be reconstructed from the details
only without any significant loss of information [25, 26]; and
the detail components of the original signal can be expressed
by the linear combination of the mother wavelet as follows:

𝐷
𝑘
(𝑡) =

∞

∑

−∞

𝐶
𝑘,𝑗
𝜑
𝑘,𝑗
, (5)

where 𝑗 represents an index of time scale, 𝐶
𝑘,𝑗

are the cor-
responding wavelet coefficients, and 𝜑

𝑘,𝑗
are the mother

wavelet.
Based on the previous calculations, the total energy of

a discrete signal is the sum of the squares of its values and,
therefore, the total energy of the original signals or decom-
position is as follows:
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The DWT can be used to pinpoint the energy of a
signal within a particular frequency band. The DWT also
provides time resolution; each subband is a time domain
signal, allowing for changes in frequency content over time
to be detected. This property is important for the real-time
monitoring of structures to detect damage as it happens. In
addition, the DWT has advantages when the signals being
processed are not comprised of pure sinusoids. The signals
used in SHM have most of their energy at the natural
frequencies of the structure, and decomposition should be
done such that the energies at these natural frequencies are
confined to specific subbands. Then, if damage to a structure
causes a natural frequency of the structure to shift, that
damage will be seen clearly as a change in the energy in the
corresponding subband. As the same in CWT, the correlation
between the energies of discrete wavelet is applied to assess
and detect the damage.

3. Simulation and Seismic Design

3.1. Structural Model. A simulated 3D 3-story moment-
resisting steel frame building structure with a regular plan
on each floor and a total height of 930mm as shown in
Figures 1(a) and 1(b) is designed using Abaqus finite element
program. A model was generated according to the properties
of previous studies for the shaking table experiments [19, 20].
Diameter of circle section area of steel columns is 5mm
and story height is 310mm in every story. All degrees of
freedom (DOFs) are restricted in base level. Each floor
consists of a rigid steel square plate (300 × 300mm) with
3420 gr weight with three degrees of freedom, translation
in 𝑥- and 𝑦-directions, and rotation around a vertical line
passing through centers of mass in each floor. Therefore,
total number of DOFs after application of the boundary
conditions, rigid diaphragm, and also Guyan reduction of
vertical DOFs and rotational DOFs around 𝑥- and 𝑦-axes
is equal to 9; however, it was equal to 42 prior to boundary

Table 1:The properties of used materials in simulation of structural
members.

Item Value Unit
Young’s modulus 2.07 × 106 MPa
Poisson’s ratio 0.30 —
Density 7.60 g/cm3

Ultimate strength 400 MPa

conditions. Each irregular floor is designed by attaching a
mass (𝑚 = 420 gr) in specific part with steel plate weight
3000 gr; this simulation is designed to compare the effect of
same mass in each floor in between regular and irregular
buildings systems. Thus, the total weight of each floor in the
two cases will be equal to 3420 gr (as shown in Figures 1(b)
and 1(c)).Theplan eccentricity of irregular case is provided by
2.5 and 6.14% in eachfloor in𝑥- and𝑦-directions, respectively
(Figure 1(c)). Table 1 lists the properties of materials used in
members of structural model.

3.2. Seismic Load and Damage Level. The regular and irreg-
ular buildings are proposed in Figure 1. The three points
F1, F2, and F3 are monitored and the acceleration response
for the three points is measured. The undamaged case is
assumed with all elements of columns being 5mm. Other
than the intact structure, two damage cases are studied for
both buildings: (D1) 40% stiffness loss of the column F2-F3
element and (D2) 80% stiffness loss of the same element. To
assess the seismic performance of buildings cases, a dynamic
loading is applied to the structure. A fault actual ground
motion measured by strong motion instruments during the
Los Angeles (USA) earthquake is selected. The employed
shaking provides capability to apply excitation load in the
𝑥-direction. Figure 2 presents the input signal, frequency
domain power spectral density, and response spectra of
excitation signal with 5% damping and 1.0 scale factor (SF).
In addition, peak ground motion considered is presented in
Figure 2(a); and fundamental periods of vibration for undam-
aged regular and irregular models, which are estimated by
using the computational command provided in the Abaqus
program, are 0.0910 and 0.0907 Sec, respectively. As it is clear
from Figure 2(c), the dominant frequency of seismic load is
1.57Hz; in addition, it can be seen that the provided effective
frequency range is between 0.6 and 15.87Hz.

4. Results and Discussions

The response assessment and damage detection of building
consist of frequency changes and mode shapes, as presented
previously.The percentages of relative changes of frequencies
to the regular mode for fifth mode of finite element model
(FEM) of the building are shown in Figure 3(a). From this
figure, it can be seen that the irregular building is more
controlled than the regular building in the undamaged case.
Furthermore, it can be seen that the frequencies changes of
damage cases D1 and D2 are decreased by 6% on the first two
modes and increased from 12.9 to 14.2% on the fourth mode.
In addition, it can be seen that the maximum frequency
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Figure 1: Simulated regular and irregular 3D three-story resisting steel frame building structure (unscale dimensions).

change occurred with irregular cases. This implies that the
irregular building is more uncontrolled with damage cases;
this can be used for emergence of the human used building
in the earthquake that occurred. Herein, we recommended
that the best model design is irregular building in the
seismic areas, more control in the undamaged case, and high
emergency in damaged case. The high power frequency and
high power spectrumdensity (PSD) ofmeasured acceleration
of point F3 are shown in Figure 3(b). From this figure,
it can be seen that the measured frequency changes are
increased clearly for the regular and irregular cases. Also, it
can detect the damage of structures based on the values of
power spectrum of signals measurements. In addition, it can

be observed that the PSD of regular case is decreased with
damage effectwhile the opposite occurredwith irregular case.
Therefore, it can be concluded that themeasurement response
is found to be a good tool to detect the performance and
damage of structures. From this result, the significance of
structural health monitoring advantages can be understood.

4.1. Continuous Wavelet Analysis. This section discusses
results of WT for the buildings, regular and irregular, in
vibration and damage, D1 and D2, to study the effective-
ness of WT energy methods and predict the damage. The
Daubechies wavelet (DB10) was used in both Continuous
Wavelet Transform andDiscreteWavelet Transform. Figure 4
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Figure 2: (a) Seismic excitation signal, (b) spectral accelerations, and (c) power spectral density of selected ground motion.

16

14

12

10

8

6

4

2

0

Re
lat

iv
e f

re
qu

en
cy

 (%
)

Mode
1 2 3 4 5

Irregular
Irregular D1
Irregular D2

Regular D1
Regular D2

(a) FEM frequency changes

16

18

14

12

10

8

6

4

2

0

PS
D

 an
d 

fre
qu

en
cy

Reg

PSD
Frequency

Reg D1 Reg D2 Irr Irr D1 Irr D2

(b) Monitoring PSD and frequency

Figure 3: The relative frequency change for the FEMmodel and PSD for the measurement acceleration.

illustrates the continuous wavelet coefficients (CWC) of F3
for the undamaged and damaged cases of the regular and
irregular buildings. From Figure 4, it can be seen that the
distribution of CWC on the time for the regular building
is greater than the distribution of CWC for the irregular

building. In addition, it can be shown that the high CWC
is observed at 4.5 and 5 sec for the regular and irregular
buildings, respectively.Moreover, it can be seen that theCWC
for the irregular building is lower than regular one after
the high amplitude of acceleration release. The comparison
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Figure 4: Continuous wavelet coefficients of F3 behavior during shaking effect for regular (a) and irregular (b) buildings.
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Figure 5: Regular damage D2 performance floors.

of CWC for the two buildings has shown that, also, the
performance of regular building during and after shaking
has taken longer time than irregular building. Therefore, it
means that the irregular building is better than the regular
one in the performance during shaking effects. From the
comparison between damage D1 and undamaged case for the
two building cases, it can be seen that the CWC is higher
with irregular damage case and the high coefficients are
observed at 3.7 sec. In addition, it can be observed that the
time performance for the irregular building in the damage
case is greater than regular case.The performance of building
due to damage is shown on the CWC density. Furthermore,
it can be shown that the performance of two buildings is
approximately the same after the maximum amplitude of
shaking effects. Similarly, from the comparison between the
D2 and D1 cases, it can be seen that the lower CWC (10)
is observed in the case of D2. In addition, it can be shown
that the coefficients amplitude is increased as the damage
increased.

From these results, it can be concluded that the irregular
building has more stability and lower performance than
regular case in undamaged case. The two cases of building
are approximately the same in performance in damage case,
while the irregular building is shown to be themore emergent
one. It means that the recommended case of building in the
seismic zones is irregular one. The CWC has shown high
sensitivity for the shaking effects and can be used to detect the
damage. In addition, the lower coefficients amplitude should
be considered to define the damage level.

Figure 5 presents the performance of F1 and F2 for the
regular building in the case of damage D2. From Figures 5
and 4 (regular floor F3), it can be seen that the performances
of three floors are approximately the same, but it can be
observed that the high CWC occurred at F1 and after that the
floors F2 and then F3. It implies that the CWC can be used to
detect the damage location.

Figure 6 illustrates the total energy of CWT of regular
and irregular buildings. From Figure 6, it can be seen that

the energies of three floors in the two cases, regular and
irregular, are highly correlated (0.99) in the undamaged
case. In addition, it can be seen that the high energies of
three floors are increased with damage cases D1 and D2.
Moreover, the high energy scale is decreased when damage
occurs. Also, it can be observed that the correlation between
energies for F2 and F3 is 0.99 and 0.96 in damage D2 for
the regular and irregular buildings, respectively, while the
correlations between F2, F3, and F1 are 0.99 and 0.99 for the
regular building and 0.98 and 0.93 for the irregular building.
Also, it can be seen that the correlation between undamaged
and damaged cases is low (0.60 and 0.63 for the regular
and irregular buildings, resp.). It infers that the correlation
coefficient of energy can be used to detect the damage and
location. Furthermore, the maximum energy has occurred at
F2 and F3 (damage location). It means that the high energy
refers to the damage occurrence.

From the comparison between two cases of building, it
can be seen that the performances of total energies of build-
ings are approximately the same with the change of maxi-
mum energy (at scales 13 and 24 for regular and irregular
buildings, resp.). In addition, it can be seen that the perfor-
mance of energy contents of irregular case reverts back to the
performance of undamaged case more than the regular case.
Moreover, the correlation between F1 and F2 and between
F1 and F3 for the irregular case is shown to be lower than
the regular case. Furthermore, it can be observed that the
maximum energy occurred with D1 in the regular case while
it occurred with D2 in the irregular case. This means that the
irregular buildings aremore stable and emergent with seismic
shaking effects.

4.2. Discrete Wavelet Analysis. The approximation and detail
decomposition of DWT of the acceleration signal of regular
F3 from level 1 to level 6 are presented from top to bottom
in Figure 7. The Matlab function “wmaxlev” is used to
calculate the number of decomposition levels. The levels of
regular and irregular buildings are found in Figures 6 and 7,



8 Advances in Materials Science and Engineering

0 5 10 15 20 25 30
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Scales

En
er

gy
 (%

)

F3
F2
F1
F3-D1
F2-D1

F1-D1
F3-D2
F2-D2
F1-D2

(a)

F3
F2
F1
F3-D1
F2-D1

F1-D1
F3-D2
F2-D2
F1-D2

0 5 10 15 20 25 30
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Scales

En
er

gy
 (%

)

(b)

Figure 6: Total wavelet energy of (a) regular and (b) irregular buildings.
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Figure 7: The regular (a) approximate and (b) detail decomposition DWT of F3 building.
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Figure 8: Total energy of (a) regular and (b) irregular buildings during damage cases D1 and D2.

respectively. Therefore, the 7th level is used to calculate the
wavelet energy.

The total energy of building based on DWT is presented
in Figure 8. Figure 8 illustrates that the total energy of F3 is
higher than F2 and F1 in the two cases of buildings. In addi-
tion, it can be shown that the maximum total energies for the
regular and irregular buildings are 2.3𝑒4 and 1.8𝑒4m2/sec3,
respectively. Furthermore, it can be seen that the total energy
of regular damage D1 is decreased by 27.4, 33.3, and 32.3% on
F3, F2, and F1, respectively. Also, damage D2 is decreased on
F3, F2, and F1 by 30.4, 38.8, and 37.0%, respectively.Moreover,
the total energy of irregular damage cases D1 and D2 is
affected by 5.6, 14.3, and 7.8% and 11.1, 17.8, and 14.2% for the
different roofs (F3, F2, and F1), respectively. From this figure,
it can be concluded that the two building types are affected
by different damage, but it can be seen that the irregular
building is more emergent and safe in the seismic areas. In
addition, it can be seen that the correlations between the total
energies of levels for the undamaged and damaged cases D1
and D2 for the F3 of the regular building are 0.987 and 0.983,
respectively. In the same case for the irregular one, it is shown
that the correlations are 0.956 and 0.931. The correlation for
F2 is shown to be 0.987 and 0.939 for the regular and irregular
buildings, respectively, at damage D1. As the same damage
case, it can be seen that the correlations for regular and
irregular buildings are 0.982 and 0.935, respectively, for the
F1 floor. From the correlation value, it can be concluded that
the correlation values can be used to detect the performance
of buildings and classify the types of building while it can
be seen that the regular one has higher correlation than

the irregular one. So, based on the degree of the irregularity,
the correlation should be decreased.

The energy of each level of DWT is illustrated in Figure 9.
From this figure, it can be seen that the dominant levels for
the regular building are 4 by 49.5% then level 3 by 32%.
Moreover, the levels of the irregular building are shown to
be dominant at levels 3 and 4 by 40.3 and 46%, respectively.
The performance damage of two buildings is shown to be
approximately similar to the two damage cases; the damage
cases are dominant at level 3. In addition, it can be shown that
themaximum energy of the irregular building is smaller than
the regular one by 8%. In addition, the correlation between
the distributions of undamaged and damaged D1 cases has
shown that the correlations of F3 floor for regular and
irregular buildings are 0.572 and 0.649, respectively. It means
that the distribution of the irregular building and energy
is more suitable than regular one in the cases of damage.
Moreover, with damage, the roof response correlation trend
decreases dramatically for all frequency level contents except
for the lowest level which suffers less decrease; however the
correlation coefficient of the highest frequency level (levels
one and two) increases with the increasing damage.

The comparison of CWT and DWT in the two cases
shows that the total energy of continuous and distribution
of discrete levels have observed the damage and can be used
to detect the damage. In addition, it can be seen that the
correlation coefficient values for the discrete are lower than
continuous one. Furthermore, the total energy of discrete
method is clearer than the continuous one. Therefore, it can
be concluded that the discrete wavelet energy is more suitable
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Figure 9: Energy distributions at each decomposition level of (a) regular and (b) irregular buildings under different damage cases.

to detect the damage and study the effect of damage. Also, it
can be noted that the correlation coefficient can be used to
study the effects of damage and study the safety of structures.

5. Conclusions

The wavelet transform is proposed as a damage detection
and performance analysis method to study the regular and
irregular buildings behavior. To investigate the performance
of the proposed method and buildings types, two different
3D modular steel structures are designed using FEM. The
new damage detection and performance analysis methods
are proposed using wavelet energy of wavelet contents. Two
wavelet energy contents of CWT and DWT are used in this
study. The correlation coefficient used in detecting structural
(regular and irregular buildings) damage and performance
was applied to find optimum methods of the wavelet to
classify the damage of structures. The energy of DWT shows
significantly higher performance than the energy of CWT in
detecting damage of building, which has little and high effect
on the model properties of buildings types. The performance
of regular and irregular buildings during seismic loads effects
and damage detection of two types of buildings show that
the irregular buildings are suitable to use in seismically
active areas. In addition, it can be noted that the correlation
coefficient can be used to study the effects of damage
and study the safety of structures based on the energy of
wavelet transform. Finally, an experimental work and field
observation are needed to complement the real analytical
studies.
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